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Title:

Peroxynitrite Chemistry: Formation, Decomposition and possible Deactivation
Mechanisms by Thiols

Kinetics of formation and decomposition of peroxynitrite was studied in acidic
and buffer solutions. Peroxynitrous acid was formed in acidic media by the reaction of
H2O2 with HNO2 and NO+. Bimolecular rate constant for reaction of H2O2 with HNO2
at 25

°c was determined to be 3.7 x 103 M" 1 s· 1• Peroxynitrous acid formed is highly

unstable with half life of approximately 1 second. Decomposition of peroxynitrite is
highly pH-dependent. In acidic media, peroxynitrous acid decomposes to nitrate while
at neutral to slightly basic media, products of decomposition is nitrite, oxygen and
acidic protons. In strongly basic pH, the products of peroxynitrite decomposition were
nitrite and oxygen in a 2: 1 ratio.
Decomposition dynamics showed first order dependence with respect to pH.
Rate constant of decomposition ofperoxynitrite in absence of a substrate at pH 3.0
was determined to be 0.98 s· 1 and 0.10 s· 1 at pH 8.0. Data generated from EPR studies
indicates generation of'OH radical as a decomposition product of peroxynitrite.
Kinetics and mechanism of oxidation of cysteine (CYSH) and glutathione (GSH)
by peroxynitrite, as radical deactivation agents were also studied.

Peroxynitrite reacts with CYSH/GSH at acidic pH to produce corresponding S-.
nitrosothiol and disulfide. The reaction is first order in peroxynitrite, acid and thiol.
Mass spectrometer technique confirms formation of nitrosothiol as product of
oxidation. Mechanism of formation can be rationalized as occurring through acid
catalyzed decomposition of PN through intermediacy ofHNO2fN=O, which is
capable of nitrosating thiol function.
In basic pH, peroxynitrite oxidizes CYSH/GSH through a two electron oxidation
mechanism via sulfinic acid to corresponding disulfide. Mass spectrometer technique
suggests that stable product of CYSH/GSH oxidation by peroxynitrite at pH 7 .4 is
disulfide of corresponding initial thiol. EPR studies on oxidation of CYSH/GSH by
peroxynitrite at pH 7.4 suggest pathway of oxidation goes via formation of thiyl
radicals. Bimolecular rate constants for oxidation of GSH by peroxynitrite at 25

°c

(pH 7 .0) was determined to be 587 M" 1 s· 1, while the bimolecular rate constants for
oxidation of CYSH by peroxynitrite at 25

°c (pH 7.4) was determined to be 2.0 x 103

M -1 s-1 .
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CHAPTER I
NITRIC OXIDE CHEMISTRY: FORMATION, REACTIVITY AND
PHYSIOLOGICAL IMPORTANCE

1.1 INTRODUCTION
Early scientists, like J.B van Helmont (1648), Robert Boyle (1671) and G.E Stahl
(1703) had written about nitric oxide (NO), but the chemical properties of NO were
first characterized by Joseph Priestley in 1772. He prepared NO by the reaction
of nitric acid on metallic copper.

(Rl.1)

NO is thermodynamically unstable with a large positive Gibbs energy of formation of
+86.32 KJ mor 1 1• Consequently, synthesis of NO from N 2 and 0 2 occurs at high
temperatures. Lightning is known as one of the major anthropogenic sources ofNO2,3.
Nitric oxide is an environmentally important gas produced by car engines and
industrial power plants4 • It is also known to play a major role in the formation of
photochemical smog5 . The Environmental Protection Agency (EPA) includes NO
among the various oxides of nitrogen (NOx) which are responsible for environmental
pollution and degradation 6• Examples ofNO's deleterious effects on the environment
include ozone depletion 6, production of acid rain and toxic chemicals, atmospheric
particulates, eutrophication, and global warming. NO is produced industrially and
1

primarily used for preparation of nitric acid for the Ostwald process 7

1.2 MOLECULAR NO AND ITS OXIDES
NO is a two-atom molecule with a unique and physiologically important chemistry.
The NO molecule is a colorless gas at room temperature and pressure. It consists of
nitrogen and oxygen atoms chemically bonded together with one unpaired electron.
Lewis dot structure of NO (Figure 1.1) shows the lone electron which makes NO a
free radical species.

••

••

••

•

·N·
+ ·O·
--•- •N::o·
•
••
••
Figure 1.1: Lewis dot structure of nitric oxide.

Lewis dot structure in Figure 1.1 shows that nitrogen has five valence electrons while
oxygen has six valence electrons. Combination of nitrogen and oxygen atomic orbitals
with their valence electrons gives eight sets of molecular orbitals in which four are
bonding and remaining four are antibonding. In order of increasing energy the
molecular orbitals comprise of one cr bonding orbital (0"2s b) and its corresponding
antibonding orbital (o-2/), two degenerate 1C bonding orbitals (n x/), one cr bonding
orbital (o- 22\

two degenerate antibonding 1C (n xy•) orbitals and finally a cr antibonding

orbital (O"z *). The arrangements of 11 electrons in the ground state orbitals are shown
in Figure 1.2.
2

N atomic orbitals

0 atomic orbitals

2s

2s

Figure 1.2: Molecular orbital diagram for NO in its ground state8.

According to distribution of electrons into orbitals shown in Figure 1.2, NO possesses
eight bonding and three antibonding electrons. Calculating the bond order gives a bond
order of 2.5. Consequence of a bond order of 2.5 is that the nitrogen oxygen bond
,

,

length in free NO (1.154 A) is intermediate between known triple (1.06 A) and double
,

bond (1.18 A) lengths. When the unpaired electron in the 1t* antibonding orbital is
removed, NO is oxidized to NO+ (nitrosyl ion), this specie has a bond order of 3.
Similarly, reduction of NO by gain of one electron forms NO" (nitroxyl ion), resulting
in a bond order of 2. NO molecule has nitrogen in a +2 oxidation state and can
undergo redox reaction in the biological system to form a range of oxides of nitrogen with
oxidation states of nitrogen ranging from -1 to +5. These oxides are highlighted in

Table 1.1

3

Formula

Name

Oxidation state of
Nitrogen

NH2OH

Hydroxylamine

-1

N2

Nitrogen

0

N2O

Nitrous oxide

+1

HNO/NO-

Hyponitrous acid/nitroxyl

+l

amon
NO

Nitrogen monoxide

+2

N2O2

Dinitrogen dioxide

+2

NO+

Nitrosonium ion

+3

N2O3

Dinitrogen trioxide

+3

ONOOH/ONOO-

Peroxynitrous

+3

acid/peroxynitrite
HNO2/NO2·

Nitrous acid/nitrite

+3

NO2

Nitrogen dioxide

+5

N2O4

Dinitrogen tetroxide

+4

N2Os

Dinitrogen pentoxide

+5

O2NOOH/O2NOO- Peroxynitric acid/peroxynitrate

+5

HNO3/NO3-

+5

Nitric acid/nitrate

Table 1.1: Various oxides of nitrogen and their oxidation states.

4

1.3 BIOLOGICAL CHEMISTRY OF NO
1.3.1 Biosynthesis of NO: Historical perspective

The biological community used to assume that acetylcholine acted directly on
vascular smooth muscle cells to cause vasodilation. But in 1980, Robert Furchgott in
his publication in Nature, illustrated that acetylcholine acts on receptors on endothelial
cells to produce a diffusible molecule that causes vasodilation9 • Other reseachers such
as T. M. Griffith, and T. M. Cocks, attempted to isolate the endothelium derived
relaxing factor (EDRF) but were not successful because of its high reactivity 10,ll.
Independently of Furchgott; Murad and Ignarro, in their research work on nitroglycerin
and nitrates, showed that nitroglycerin and organic nitrates are by themselves inactive,
but elicit blood vessel relaxation after they have been converted to nitrates 12' 13 •
In 1987, Ignarro observed that both EDRF and NO produced comparable increases in
cyclic guano sine monophoshate (cGMP) accumulation in artery and vein and
concluded that, EDRF released from arteries and veins have identical biological and
chemical properties as NO 14 • The definite proof that EDRF is NO was provided by
Moncada and his group 15 • They found that NO was synthesized from L-arginine
and was responsible for relaxation of muscles, inhibition of blood clotting by
prevention of aggregation of blood platelets 14- 19 • In 1998, Furchgott, Ignarro and
Murad received the 1998 Nobel prize for medicine and physiology for their pioneering
work and discovery of NO as the elusive 'Endothelium Derived Relaxing Factor'
(EDRF) and its role in vasodilation20 • Moncada was also recognized by "Science
watch" a subscription newsletter that performs compilations of statistical information
5

like publications, citations, and cites-per-paper counts for scientists, institutions,
countries, and journal publication houses. In 1999, Science watch, named Salvador
Moncada as the most-cited United Kingdom researcher of the 1990s for his work
21
on NO . After the award of the noble prize a lot ofresearch effort has been directed
to the study of NO chemistry, reactivity and physiological importance.

1.3.2 NO formation
Biosynthetically, NO is produced in mammals by the enzymatic oxidation of amino
acid L-arginine in the presence of oxygen22 . The reaction is a two stage process: first
step is a two-electron oxidation of L-arginine to N-hydroxy-L-arginine. This step is
analogous to a P- 450-type monooxygenase reaction consuming one equivalence of
NADPH and one equivalence of oxygen as cosubstrates22'23 . In addition, the Nhydroxyarginine oxidation step requires tetrahydrobiopterin (BH4), calcium and
calmodulin as catalysts24 '25 . The second oxidation uses half a mole ofNADPH,
requires oxygen, additional three electrons, calmodulin/calcium and accelerated by
26 27
BH./ 2. The final organic product is L-citrulline with the formation ofNO · .
The full biosynthesis route of NO is shown in Figure 1.3.

6

'><

0

L-Arginine

H,> •

0.5 mol

0.5 mol

NADPH

NADP+

R'--._

N-Hydroxy-L-Arginine

~

ANH+

NO

2

L-Citrulline

where R is

Figure 1.3: Biosynthesis of NO.

1.3.3 Isoforms of Nitric oxide synthase (NOS)
NOS isoforms are enzymes responsible for catalysis of the sequential oxidation of
substrates L-arginine, NADPH and oxygen to L-citrulline and NO 28 • There are three
isoforms of NOS: isoforms I, II and III. They are encoded by three different genes
but can be classified into two families, constitutive and inducible

29 30
• • NOS

I and

III are classified as constitutive while NOS II is inducible31 •34 (Table 1.2). Constitutive
NOS I and III have been characterized in cell tissue types such as neurons and
endothelia respectively. These two have similarity of being both
regulated by and dependent on Ca2+ /calmodulin. Catalytic action of NOS I and
NOS III produces short lived and small amounts of NO, which activate soluble
guanylyl cylase to produce regulatory roles in neurotransmission and cardiovascular
systems35 • NOS II has been isolated from murine macrophages and has a high
affinity for calmodulin, NOS II is calcium independent and produces NO with a
long half life36 which produces deleterious effects such as mitochondrial complex
7

damage, DNA damage and even cell death. This is shown schematically in Figure 1.4.
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Table 1.2: Properties of the three isoforms of nitric oxide synthase (NOS)
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Figure 1.4: Mechanism by which NOS isoforms produce NO and subsequent biological
effect.

1.4 BIOLOGICALLY IMPORTANT REACTIONS OF NO

The propensity for NO to readily undergo redox reactions and to form a range of
reactive nitrogen species has great implications in biological systems. NO reacts in
biological systems with compounds such as transition metals and metalloproteins,
molecular oxygen (02), and radicals. Each of these reactions and their biological
implications will be briefly examined.
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1.4.1 Reactions of NO with metals and metalloproteins
NO is capable of forming nitrosyl complexes (M-NO) with a variety of transition
metals such as iron, cobalt, nickel, vanadium, molybdenum, tungsten and copper37 •
Formation of NO complexes can be generally represented by the RI .2-type reaction:

(Rl.2)

MLnX +NO.- MLn(NO) + X
Where,
M = n:ietal, L = ligand, X = leaving group

The formation of NO complexes with metal centers may have the character of NO
range from nitrosyl cation (NO+) which binds to the metal in linear geometry, to
that of nitroxyl anion (NO-) which binds in a bent geometry. In the linear geometry,
the net bond interaction between the metal and NO consist of a donation from NO
to the metal and back 1t bonding from metal d-orbital to n* antibonding orbital on NO.
In the bent geometry, however, the metal donates an electron to NO to form NO which then binds to the metal using a cr bond (Scheme 1.1).

a) Linear NO (NO\ 3 electron donor)

-

+

•

•

.

-

+

•

.

+

•• -

..

M..,.__:N==o:~M..:=.:N =o:~ M=N=o: -:::::;::=;M==N-o:

b) Bent NO (NO-, 1 electron donor)
••
M-N

+

:::::;;:=:::::::;; M=N

\.o.....

\.o:

.

Scheme 1.1: Valence bond description of metal nitrosyls (a) resonance structures for
linear metal nitrosyl (b) resonance structure for bent metal nitrosyls.

Coordination of NO to a metal as NO+ or NO- predicts that metal bound nitrosyl can
either be electrophilic or nucleophilic, but mostly they undergo nucleophilic attack.
For example, reaction of NO with synthetic tetraphenylporphyriniron (Ill) chloride
(Fe"'TPPCl) in a protic solvent (methanol) results in the formation of ferrous nitrosyl
adduct which is susceptible to nucleophilic attack. The mechanism of the reaction was
determined as 38 :

(Rl.3)
Fe 11-(NO+)TPPC1 + MeOH - FenTPP + MeONO + HCl
Fe11TPP + NO -
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Fe (NO)TPP

(Rl.4)
(Rl.5)

Another example is the formation of cuprous complex (LCul) from the reduction of
synthetic cupric complex by bound NO through an inner sphere charge transfer
mechanism. Nucleophilic attack by methanol on the bound hydroxyl ligand resulted
in the generation of the cuprous complex39 :

11

(Rl.6)
Where L = ligand system

(Rl.7)

Vast majority of nitrosyl complexes formed in vivo are a result of binding of
NO with metalloproteins containing iron. Many notable heme complexes (hemoglobin,
guanylate cyclase, cytochrome P-450 and nitric oxide synthase), can be nitrosylated
by NO.
The most studied NO-heme complex is the NO-hemoglobin complex.
Hemoglobin consists of four protein chains and four heme groups. Each heme
group consists of a non-protein group with an iron atom at the center of an
organic ring called porphyrin (Figure 1.5).

Figure 1.5: Structure of heme.
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NO is able to bind strongly to the four iron atoms in hemoglobin forming four nitrosyl
complexes. NO binds even more strongly with ferrous heme than CO40-42 • The greater
affinity of NO for heme compared to affinity of CO for heme is explained by the
different dissociation rates. The dissociation rate constant for loss of NO from
deoxyhemoglobin is 10-5 s- 1, while dissociation rate constant for loss of CO is
20 s- 142' 43 • NO binds to both Fe(II) and Fe(III) hemes 40 by first reducing Fe(III)
hemes to Fe(II) and then forming a stable Fe(Il)-NO complex44 • Vandegriff and
co-workers proposed that the binding of NO to ferrous deoxyhemoglobin (Hb)
is the main mechanism for NO depletion45 •

HbFe(II) + NO

~

HbFe(II)NO

(RI .8)

The most notable NO-protein complex in the physiological environment
is Fe-NO adduct in soluble guanylate cyclase46 • Binding of NO to soluble
guanylate cyclase causes the position of iron in the porphyrin ring to shift such
that the distal histidine is uncoupled in favor of a newly formed five co-ordinate
nitrosyl complex47,4 8 • The change in the protein configuration at low NO
concentrations (100 nM)4 9 leads to conversion of guanosine triphoshate (GTP)
to cyclic guanosine monophoshate (cGMP). Implications of conversion ofGTP to
cGMP, is prevention of some apoptotic processes50 , ability of NO to mediate
vascular smooth muscle vasodilation, inhibition of platelet aggregation and
13

neurotransmission46 • This pathway is represented by the sketch shown in
Figure 1.6.

L-arginine

~)
Hist-105

{N~

;-NH
Hist-105

j
Protein kinases
(cGK)

~
AP

Phosphmylated protefo

ADP/

Biological effects

Figure 1.6: Schematic representation of signal transduction pathway for
NO-cGMP system in mammalian cells.

Cytochrome P-450 enzymes are a very large and diverse super family of
hemeproteins which require oxygen to facilitate oxidative chemistry. Binding
of NO to cytochrome P-450's results in competition between NO and oxygen for
the heme binding site (see Figure 1.7. This inhibition of P-450 activity by NO is
known to regulate hormone production such as testosterone synthesis 51 • Another
important regulatory/pathological role of NO binding to cytochrome P-450
occurs in high concentrations of NO formed during chronic infections which
can lead to inhibition of liver cytochrome P-450's and subsequently depress
metabolic break down of synthetic drugs 52 .
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Substrate oxidation

4?
Cys

...

e

Cys
Figure 1.7: Mechanism of NO-mediated inhibition of cytochrome P-450.

NO complexes with the iron center of heme protein L-arginine, thereby
forming a nitrosyl complex. It is known that L-arginine is enzymatically oxidized by
oxygen at the heme domain to L-citrulline and NO 53 • The Fe-NO complex
formation with the heme protein L-arginine prevents oxygen binding at the
active sites 54 "56 • Inhibition of oxygen binding at the active sites prevents formation
of L-citrulline and NO. Biological implication is that NO can regulate its own
synthesis through nitrosylation of L-arginine (Figure 1. 7).

1.4.2 Reactions of NO with oxygen
NO is a stable radical which does not exhibit a strong tendency to dimerize 57
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but upon exposure to molecular oxygen generates reactive nitrogen oxide species
(RNOS). Formation of gas phase nitrogen dioxide in nitrogen's autooxidation has
long been of interest to environmentalists as the brown haze in smog 58 . And so,
extensive research work has been done in this area. The gas phase reaction of NO
with 0 2 to form NO 2 has been determined to be second order in NO and first order
in 02 with k = 3.4 x 105 atm·2 s· 1 at 20 °c 59 :

(Rl.9)

2NO + 02 - 2NO2

Radical combination of NO and NO2 would produce dinitrogen trioxide (N2O3)
or NO2 would dimerize to dinitrogen tetraoxide ( N2O 4)

58

:

(RI.IO)

(Rl.11)

Hydrolysis of N 2O1 from the gas phase dimerization ofNO 2 results in the
disproportionation of N 2O4 to give nitric acid:

(Rl.12)

Formation ofHNO2 and HNO 3 contributes to acid rain in the atmosphere.
Different mechanisms have been proposed for the formation ofNO2 in the
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intermediate from autooxidation of NO followed by reaction of peroxynitrite
60

with NO to form N0 2

:

N0+02-= ONOO

(Rl.13)

ONOO + NO

(Rl.14)

--+

2N02

Other proposed mechanism by Olbregts suggest the dimerization of NO
followed by reaction with oxygen:

(Rl.15)
(Rl.16)

Nevertheless, the above equilibra both displayed negative enthalpies of activation
with overall third other rate law in NO and 02. Since third order rate laws are rare,
this may be an indication of a non plausible mechanistic pathway.
However, it was found that autooxidation reactions of NO in aerobic aqueous
solutions quantitatively generate nitrite ions61 • The mechanism of the reaction was
determined to be reaction Rl .9 + 2(Rl .10) which generated 2N203, followed by
hydrolysis ofN203:

(Rl.17)
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Overrall reaction Rl.18 is the stepwise addition ofreaction Rl.9, Rl.10 and Rl.17:

(Rl.18)

Awad and Stanbury, using stopped flow spectrophotometric and conductometric
measurements determined the rate law of reaction of NO with 02 in aqueous solution
to be equation (1 ):

-d[02]

=

dt

(1)

k[N0]2[02]

with rate constant k = 2.1 x 106 M"2 s· 1 at 25

°c 62 •

Major differences in the gas phase and aqueous phase autooxidations include; (a)
the final product of autooxidation in the gas phase N204 can be hydrolyzed to form
HN02 and HN03, while final product of autooxidation in aqueous phase is N02(b) rate constant in aqueous phase autooxidation is an order of magnitude faster
than in gas phase.
Autooxidation of NO at limiting NO concentrations is inversely concentration
dependent with respect to half-life (equation 2):

=

1

k

[NO][Oz]

(2)
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In order words, the lower the concentration of NO the higher the half-life. This is
explained from the second-order dependence of autooxidation rates on NO
concentrations. Implications of this to the physiological environment is that at low
concentrations (0.1-0.5 µM) at which NO participates in regulatory processes such as
vascular relaxation, neurotransmission and inhibition of platelet aggregation63 NO
depletion due to autooxidation will be slow. This allows NO to reach many biological
targets without appreciable depletion. NO is produced at much higher concentrations

(> 10 µM) in activated macrophages and neutrophils64 • At this condition, half-life of
NO due to autooxidation decreases while the production ofreactive nitrogen species
increases65 • RNOS's are much more potent oxidative species than NO and 0 2 and have
been implicated in nitrosation reactions, tissue damage and in a wide range of potential
toxicities for the physiologi~al environment66 •

1.4.3 Reactions of NO with radical species
Since NO has one unpaired electron, it rapidly reacts with other carbon, nitrogen and
oxygen centered radical species. However, unlike other radical species such as 'NO2,
OH'; NO is unable to readily abstract hydrogen atoms. This is due to its low reduction
potential 67 • Surprisingly, reactions in which abstraction of hydrogen by NO occurred
have been reported in the reaction of NO with hyponitrous acid (H2N2O2) at high
acidity68 :

NO+ HONNOH - HNO + 'ONNOH

(Rl.19)
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(Rl.20)
(Rl.21)

Another example of hydrogen abstraction by NO is the reaction of NO with
hydroxylamine (NH2OH) 69 :

(Rl.22)

The proposed mechanism for the reaction of NO with hydroxylamine was confirmed
using doubly labeled nitrogen and oxygen ( 15N 18 O) 69 :

NO+ NH2OH-. HNO + NHOH

(Rl.23)

HNO + NH2OH -. N2 + 2H2O

(Rl.24)

NO+ NHOH -. [ON-NHOH] -. N2O + H2O

(Rl.25)

NO is able to "quench" the radical intermediates of radical species by terminating
the radical chain reaction step. A good example is in the process of lipid peroxidation,
where oxidative damage to cell membranes occurs due to the removal of an allylic
hydrogen atom of unsaturated fatty acid. This abstraction of hydrogen generates a lipid
radical (Lipid }The lipid radical then reacts with oxygen to generate alkylperoxy

radical (Lipid-OO'), which undergoes chain propagation by reacting further with
20

another molecule of lipid to form another lipid radical that can also react with oxygen
and continue the chain propagation.

Lipid-H + X'

~

Lipid'+ X-H

(RI .26)

(X' = Chain initiating species)

(Rl.27)
Lipid-00' + Lipid-H ~Lipid-OOH+ Lipid'

(Rl.28)

Continuation of this series of reactions results in what is known as lipid peroxidation.
Physiological implications of this process are the destruction or modification of many
lipid molecules which can result in loss of membrane strength or integrity. NO is
known to limit lipid peroxidation by acting as a chain terminating species 70 •

Lipid-00' + 'NO

~

Lipid-00-NO

(Rl.29)

It has been suggested that the termination of alkylperoxy radical reactions makes NO a
protective agent under oxidative stress 71 •
One of the most studied physiologically important indirect reactions of NO in the
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scientific community is its reaction with superoxide radical anion (Oz"') to form
peroxynitrite (ON 00") 72 •

NO + Oi"°

-- ONOO"

(Rl.30)

The pKa of peroxynitrous acid (ONOOH) has been reported to be 6.8 which is close
to the physiological pH, in other words, a significant amount exists at the physiological
pH of 7.4 72 • Peroxynitrous acid is a much more potent oxidizing agent than NO and Oi"'
and has been implicated in a variety of oxidation reactions in the physiological
system 73 ,74 . Peroxynitrous acid is very unstable and readily decomposes into various
species as a function of pH ofreaction medium75 ' 76 • ONoo·, the conjugate base of
peroxynitrous acid is relatively stable in high pH medium and known to be a very
potent nucleophile which can react with electrophiles such as carbon dioxide 77 • The
chemistry of ONOOH/ONOO" is diverse and relevant in the physiological system
and will be treated comprehensively in this thesis.

1.5 CHEMISTRY OF S-NITROSOTHIOLS
Thiols are compounds which have sulfur atom and hydrogen atoms chemically
bounded together ("SH) as the distinguishing functional group. Physiologically relevant
thiols include cysteine, glutathione and homocysteine. NO can react directly with
thiols in the absence of oxygen through the formation of an adduct (RS-N-OH) that
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then reacts with another molecule of NO to form an intermediate which decomposes
into N20 and water with the formation of disulphide corresponding to the starting
thiol 78 • In other words, NO does not react with thiols to form nitrosothiols, but
di sulfides.

(Rl.31)

The possible mechanism for the above reaction was postulated by DeMaster79 and
shown below in scheme 1.2:

RSH +·No-- Rfi-N-oH

'NO

+

Scheme 1.2: Possible mechanism for anaerobic oxidation of thiols by N079 •

NO can indirectly oxidize thiols, in the presence of oxygen via electrophilic
attack by nitrosating agents on the nucleophilic sulfur center of thiols,
producing S-nitrosothiols. For example, reaction ofN20 3 (a nitrosating agent) with
thiols generates S- nitrosothiols (RS-N=O), also known as thionitrites:
23

(Rl.32)

There are various types of nitrosation reactions. But for the purpose of this thesis
attention will be paid only to the chemistry of S-nitrosothiols.
S-nitrosothiols (RSNO's) are biological metabolites of NO, that may prolong and
spatially extend the in vivo actions oflocally produced N0 80 • RSNO's are thio-esters of
nitrite and analogues of the nitrite esters of alcohols. RSNO's are biologically
important, and have been implicated in properties perculiar to NO, such as smooth
muscle relaxation and anti-platelet aggregation properties 81 • Examples of
endogenously produced RSNO's are S-nitrosoalbumin, S- nitrosoglutathione
(GSNO) and S- nitrosocysteine (CYSNO) which have been shown to be present in low
concentrations in vivo

82 84
" (Figure

1.8). Due to the ability of RSNO's to release NO,

RSNO's determinations in biological fluids appear to provide a direct measure of NO
synthase (NOS) activity85 -87 • Concentrations ofRSNO's have been found to increase
with local administration NOS and fall with administration of NOS inhibitors 86 •
Changes in levels ofRSNO's have been seen to be associated with pathological
conditions such as septic shock88 , pneumonia, and neonatal respiratory distress

86

.
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Figure 1.8: Some synthetic and naturally occurring S-nitrosothiols.
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1.5.1 Physical properties
Stable nitrosothiols in their pure form are colored, with colors ranging from green
in S-nitroso-N-acetylpenicillamine (SNAP), to pink in S-nitroso-glutathione
(GSNO) and red in S-nitroso-3-mercarpto-1,2,-propanediol.
RSNO's have two major wavelengths by which they absorb in the UV-vis.
These are 330-350 nm region with molar extinction coefficients of around
500 M- 1 cm- 1 and 550-600 nm with a much smaller molar extintion coefficient of
about 20 M- 1 cm- 189 . These wavelengths can be used to monitor the progress of
reaction ofRSNO in solution.
Aliphatic RSNO's exhibit two characteristic IR peaks at range of 14501530 cm- 1, 1152 cm- 1 and 1167-1171 cm- 1 90 • These IR bands have been attributed
to N-O and N-S stretching vibrations respectively. Both 1H and
were analyzed for RSNO's. S-nitrosation results in 1H and
changes with respect to a. and

~

13

13

C NMR chemical shifts

C NMR chemical shifts

hydrogen atoms and carbon atoms of the pure thiol.

1.5.2 Synthesis of S-nitrosothiols
There are many pathways by which S-nitrosothiol can be synthesized, namely a)
reaction between thiols and NO derivatives such as (NO2 and N2O3), b) reaction of
thiols with alkyl nitrites, and c) reaction of thiols with nitrites (NO2-).

1.5.2.1 Reaction between thiols and nitrogen oxides
Aromatic and straight chain thiols react with NO in the presence of oxygen to produce
26

the corresponding S-nitrosothiols:

2N0+02

k33

NO+N02

k~4

N 20 3 +H20

k35

N 20 3 + RS-

k36

2N02

(Rl.33)

., N203

(Rl.34)

• 2H+ + 2N02·

(Rl.35)

• RSNO+No 2·

The rate for the above reaction was derived to be

(Rl.36)

91 93
" :

d [RSNO]

dt

(3)

The rate law equation at high RSH concentrations becomes:

d[RSNO]
dt

(4)

91

This implies'that in the synthesis of RSNO, NO is the rate determining step

.
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1.5.2.2 Reaction of thiols with alkyl nitrites
Reaction of thiols with alkyl nitrites is facile with almost complete conversion of
initial thiol concentration to nitrosothiols. The rate of formation of nitrosothiol is
acid dependent, with a direct relationship which increases until about pH 10, where
the rate levels of:£94• This suggests a thiolate anion nitrosation pathway.

RSH

(Rl.37)

RS"+R'ONO

)Ill,

RSNO+R 1O·

(Rl.38)

The rate law for the above reaction was proposed as95 :

d [RSNO] = k3sk3 7
[RS"][R'ONO]
dt
k 37 + [H+]

(5)

This at high pH can be simplified to:

d [RSNO]
dt

= k 38 [RS"][R'ONO]

(6)
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1.5.2.3 Reaction of thiols with nitrites
The most widely used synthetic method in the synthesis of S-nitrosothiols is the
reaction of acidified nitrites with thiols. This reaction is acid catalyzed and
quantitatively generates nitrosothiols.

RSH + HNO2 ~ RSNO + H 2O

(Rl.39)

Reaction RI .39 has a derived rate law96-98 :

d[RSNO]

dt

(7)

The above rate law suggests that in strongly acidic solution the nitrosating species is
HNO2. The first order dependence in [HNO2] in the above rate law proves that there
is no contribution of N 2O3. If the nitrosating species were N2O3, there would have
been a second order dependence on [HNO2], according to reaction98 (Rl.40):

(Rl.40)
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1.5.3 Decomposition of S-nitrosothiols
RSNO are susceptible to decomposition by various mechanisms. The rate of
decomposition can be influenced by a number of factors, such as metal catalyzed
decomposition, thermal decomposition, transnitrosation, photochemical
decomposition, and enzymatic decomposition.

1.5.3.1 Metal ion catalyzed decompositions

The decomposition ofRSNO's is catalyzed by the reduction of Cu2+ to Cu+ in
the presence ofthiolate anion (RS)99 • Reaction then occurs between Cu+ and RSNO
regenerating Cu2+, Rs· and releasing N0 100, with the organic final product being
disulphide.

2Cu2+ + 2RS- -. 2Cu+ + RSSR

(Rl.41)

Cu++ RSNO ~ Cu2+ +RS-+ NO

(Rl.42)

The kinetics of decomposition of RSNO by Cu+ in solution was confirmed by the
effect of added thiol 1°1• It was proposed that if Cu+ decomposition pathway is correct,
then decomposition rate should be very dependent on [RS"]. When RSNO is
generated in situ;

(Rl .43)
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(a)

Extrinsic reducer e.g
ascorbic acid

cu2+7

(b)

~2RS"
[Cu2+-2RS"]

SNO

RSSR
NO

Figure 1.9: Catalytic cycle for cop~er catalyzed decomposition of S-nitrosothiols.
Path way (a) is the reduction of Cu+ to Cu+ by extrinsic reducers such as ascorbic acid,
while pathway (b) is through reduction of Cu2+ by added RS-.

with the addition of Cu2+ and excess HN0 2 to push the reaction equilibrium to
products side and ensure consumption of most of initial [RS"], decomposition of
RSNO was found to be inhibited 10 1• In effect, it is possible to stabilize RSNO in
solutions by depletion of [RS"]. On the other hand, thiol addition, ascorbate or other
extrinsic reducers that are able to reduce Cu2+ to Cu+ accelerate the decomposition of
RSN0 102 (Figure 1.9). Further increase in added thiol results in retardation of
decomposition rate. Dicks and his group attributed this effect to the formation of
31

thiolate complexation of Cu2+, which make the copper ion less available for
reduction to Cu+ 100 • No thiyl radicals were detected by EPR in the copper
mediated decomposition ofRSNO 103 •

1.5.3.2 Thermal decomposition

S-nitrosothiols are very reactive intermediates formed during electrophilic attack of
NO+ on the thiolate anions. Since Cu2+ has been implicated in decomposition of
RSNO's, only at very low concentrations of Cu2+ (10"8 M), does thermal
decomposition of S-nitrosothiol become dominant. Products of decomposition are
thiyl radical, NO and disulfide of the parent thiol 104 . EPR studies proved that thiyl
radicals are formed; thus implying that the formation of disulfide is a two-step
process 1° 5 :

RSNO
2RS"

-t

-t

RS" + 'NO

RS-SR

(Rl.44)
(Rl.45)

The first step reaction (Rl.44) relies on the homolytic cleavage of the S-N bond.
The second step generated thiyl radicals which are unstable, and so two thiyl
radicals combine together to form disulfide (RI .45).
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Figure 1.10: Resonance structure of S-nitrosothiol

The thermal stability of RSNO is controlled by the strength of the S-N bond.
The strength of the S-N bond is a function of the electron releasing substituents
near the SNO group. The R group in S-nitrosothiols are electron releasing, they
induce electron shift from the lone pairs located on the sulfur atom towards the
oxygen (resonance structure II, in Figure 1.10). This effect generates a local
positive charge on the sulfur atom and therefore strengthens the S-N bond.
This explains why tertiary or secondary S-nitrosothiols are more thermally stable
than primary S-nitrosothiols, for example, S-nitroso-N-acetyl D, L-penicillamine
(SNAP) and S-nitrosoglutathione (GSNO) have been isolated in the crystalline form
while, S-nitrosocysteine (CYSNO) has not yet been isolatedJ05•

1.5.3.3 Transnitrosation
Transnitrosation is the transfer of the NO functional group from S-nitrosothiols to
other thiols through a nucleophilic attack on the nitrogen atom of the

°

S-nitrosothiol 1 6•
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RSNO + R'SH

~

RSH+R'SNO

(Rl.46)

The rates and equilibrium of transnitrosation reactions between different thiols
have been determined by Hogg and Meyer 107' 108 • Equilibrium constants and rates of
reactions have been obtained for the transfer of the NO group from S-nitroso bovine
serum albumin to other thiols 109 • If transnitrosation occurs between a relatively stable
S-nitrosothiol such as S-nitrosoglutathione (GSNO) or S-nitroso-N-acetyl-D,Lpenicillamine (SNAP), to a lower molecular weight thiol such as cysteine, a relatively
unstable S-nitrosothiol, such as S-nitrosocysteine (CYSNO) is formed. In the presence
of Cu+ ion, CYSNO can decompose due to its relative instability to release NO. In the
same analogy as above, S-transnitrosation has been implicated as the predominant
mechanism through which thiol containing proteins are nitrosated in vivo 110•

1.5.3.4 Photochemical decomposition
When S-nitrosothiols are irradiated with light at their absorption bands, homolytic
cleavage of the S-N bond may occur generating NO and thiyl radicals

111 114
:

RS' + NQ'__h_v_--1► RSNO

(Rl.47)

The generation of the NO and thiyl radical was confirmed by EPR trapping
experiments 111 • The mechanism of the reaction was elucidated by flash and laser
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photolysis and the following reaction sequence was proposed 115 :

(Rl.48)
RS . + 02 -----+ RSOO'

(Rl.49)

RSSR' - + 02

(Rl.50)

-----+

RSSR + 02° -

NO' + 02° - -----+ ONOO -

(Rl.51)

Peroxynitrite (ONOO ") was identified as the final product of photolysis of Snitrosothiols1 15 . Photochemical decomposition of S-nitrosothiols has found many
uses in therapeutic applications. For example, photolysis of S-nitrosothiols is used
for localized generation of NO and ONOO ·, laboratory experiments with HL- 60
leukemia cells have shown that visible light irradiation of S-nitrosoglutathione
resulted in an enhanced cytotoxic effect of S-nitrosoglutathione on HL-60 leukemia
cells 116 while NO radical generated has been implicated in proper eye functions due
to its ability to relax smooth muscles 117 .

1.5.3.5 Enzymatic decomposition
Gamma glutamyl transpeptidase (GGT) is a liver enzyme which transfers amino
acid across cell membranes 118 • It is known that metal ion catalys~s greatly accelerates

the decomposition of SNAP, but has little effect on GSNO 119 • Askew and his group
discovered that the decomposition pathway of GSNO is through enzymatic cleavage
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of the glutamyl-cystyl peptide bond, resulting in the generation of
S-nitrosocystylglycine which is more susceptible to metal ion catalysis, with the
release of NO

119

•

This is schematically shown in Figure 1.11.

1.5.3.6 Potential therapeutic applications of S-nitrosothiols
S-nitrosothiols have some potential therapeutic applications in physiological
systems due to properties such as transnitrosation, metal-catalyzed decomposition
and enzymatic decomposition. These above mentioned properties of S-nitrosothiols
have been discussed, along with their relevant physiological activities and in all;
NO are released. The ability ofRSNO's to release NO makes the future of
RSNO's as drugs promising, particularly in cardiovascular therapeutics. Some
RSNO's have made it into the commercial market, examples of which are, SNAP,
N-acetyl-S-nitrosopenicillaminyl-S-nitrosopenicillamine and GSNO, where
therapeutic application is for elicitation of vascular relaxation particularly in
areas of damaged endothelium 120• An important endogenous RSNO is
S-nitrosoalbumin, the most abundant circulating S-nitrosothiol in vivo, which
acts as a reservoir of NO 85 • S-nitrosoalbumin has been used as a vascular support
coating inside of blood vessels to reduce platelet adhesion 121 • Other common
applications of RSNO's are in decreasing acute and chronic elevations of blood
pressure 122, 123 and host defense by inhibiting HIV-1 protease, an enzyme involved in
replication of HIV virus 124' 125 • GSNO has been shown to prevent T-cell mediated
inflammation 126 •
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Figure 1.11: Enzymatic decomposition of S-nitroso-L-glutathione
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1.6 CHEMISTRY OF PEROXYNITRITE
1.6.1 Relationship between NO and peroxynitrite

NO is a simple inorganic molecule that is produced in the endothelial cells of vessels,
neurons, macrophages. It is a free radical capable of oxidative-reductive chemistry.
Peroxynitrite [O=NOO-, oxoperoxonitrate (-1)] (PN) is a strong oxidant that can be
generated from nitric oxide 127•128 . It is produced by activated alveolar macrophages 129 ,
neutrophiles 130•131 and endothelium13 2, from the reaction of NO with superoxides
radical anions 133•134 • The rate constant for this radical-radical combination reaction is
3.8-6.7 x 109 M- 1 s- 1, as determined by flash photolysis 135- 138 • This reaction constitutes
an important sink for superoxide radical anion (02 ·7 because it is about twice as fast
as the maximum velocity of superoxide dimutase (SOD) 139 • PN is not a free radical
but an oxidant and nitrating agent. The unpaired electrons on nitric oxide and
superoxide radical anion combined to form a new N-0 bond. PN has a high rate of
diffusion, as it has been reported to diffuse through cell membranes before its
decomposition 140•141 . Consequently, PN is known to oxidize cells which leads to
pathologically relevant conditions, such as lipid peroxidation 142 , rapid oxidation of
sulfhydryls 143 and methionine 144•145 , ischemia and reperfusion 146 brain injury 147 and
ultimately apoptosis 148 •

1.6.2 Properties of peroxynitrite
1.6.2.1 Spectral properties: Peroxynitrous acid (ONOOH) and its conjugate

base (ONOO-) have a yellow color with the color of the anion being more intense.
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Peroxynitrite has a single, rather broad absorption band in the ultraviolet region
centered at 302 nm in aqueous alkaline solution 149 • Molar absorptivity coefficient
of 1670 ± 50 M" 1 cm· 1 was reported by Hughes and Nicklin 149 • Solid state
peroxynitrous acid IR absorption lines were determined by Cheng and
co-workers as 3545.5, 1703.6, 1364.4~ 952.0, and 772.8 cm· 1•

1.6.2.2 Conformation properties: According to quantum mechanical calculations,
there is partial double bond character between nitrogen and the first peroxide oxygen.
Around this bond, peroxynitrite can occur in two conformations; cis and trans 150 •
X-ray structure analysis shows that P.eroxynitrite crystallizes in the cis form
(most stable conformation), relative to the N-O bond 151 , 152 •

0

\ N-o,

Cis

Trans

'o-

Figure 1.12: Cis, trans conformation of peroxynitrite.

The cis conformation is stabilized by 3-4 kcal mor 1 relative to the trans conformation.
This stability is achieved by delocalization of the negative charge over the entire
molecule. Only the trans form, however, is able to rearrange or isomerize to
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nitrate 153 , thus explaining its instability.

1.6.2.3 Thermodynamic properties: The enthalpy of formation of peroxynitrite
was determined to be ~rH = - 42 ± 4 kJ mol- 1 by calorimetric measurements while
the enthalpy of isomerization of peroxynitrite to nitrate was measured by solution
calorimetry and determined to be -163 ± 4 kJ mor 1 at 24°C 154 • Based on the results of
standard Gibbs energy ofhomolysis of (16 kcal mol" 1) and rate ofhomolysis of
1.0 x 10-2 s-1, enthalphy ofperoxynitrous acid ionization was determined by
Koppenol and his group as 4 ± 2 kcal mor 1155 • It is generally agreed that peroxynitrite
ionizes near pH 6.0.

1.6.3 Synthesis of peroxynitrite
Peroxynitrite was synthesized as early as 1922 from a mixture of acidified hydrogen
peroxide and nitrous acid:

HOOH + HNO2

HOONO + H2O

(Rl.52)

Better results were achieved with the use of quench flow reactor, which was first
described in 1974 156 • Recently, there have erupted many different methods for
the synthesis of peroxynitrite. Some of these methods are listed in Table 1.3,
below:
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P~eparative synthesis
(Methods)

References

Reaction of ozone with azide ions

1)/

Autooxidation of hydroxylamine

DIS

Reaction of hydrogen peroxide with
nitrous acid
Reaction of hydrogen peroxide with alkyl
nitrites (RONO)

DO,J:>\l,IOU

IOI

Reaction of nitric oxide with hydrogen
peroxide

JOL

Reaction of nitric oxide with potassium
superoxide

16U

Reaction of nitric oxide with tetra methyl
ammonium super oxide(Me4N+02 · -)

10J·JO:>

Photolysis of solid potassium superoxide

lbtl

In situ syntheses

Nitric oxide and superoxide anion radical
generated independently and continuously

101

Nitric oxide and superoxide anion radical
formed simultaneously from a single
source

lbll

Table 1.3: Various methods for synthesis of peroxynitrite

The first eight methods are used in studies where concentrated solutions of peroxynitrite
are needed, while the last two methods are for production of low concentrations of
peroxynitrite over an extended period of time.
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Synthesis of concentrated solutions:
The ozonation of azide ions in mildly alkaline solution (pH ~ 12) produces
stable, concentrated solutions of peroxynitrite, that are low in alkaline and
free from hydrogen peroxide. Contaminants are unreacted azide and nitrite

(::; 5µM).
Reaction stoichiometry is summarized as:

(Rl.53)

In autooxidation, hydroxylamine is reacted with oxygen in a moderately
alkaline solution containing 0.1-0.5 M NaOH:

NH2OH + 02 + OH NO-+ 02

~

~

H2O2 + NO - + H2O

ONoo-

(Rl.54)
(Rl.55)

Yields of peroxynitrite are approximately 25 % of the starting concentration of
hydroxylamine. This synthesis contains nitrite, hydrogen peroxide and some
unreacted hydroxylamine as contaminants.
Acidified solutions of hydrogen peroxide rapidly react with sodium nitrite
followed by stabilization of the product with sodium hydroxide:

(Rl.56)
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ON OOH + OH -

= ONOO - +

(Rl.57)

H20

This method of synthesis produces a significant amount of alkaline, nitrite and
hydrogen peroxide as contaminants.
Alkaline hydrogen peroxides react with alkyl nitrites (RONO) to produce
peroxynitrite:

H202 + OH - + RONO - ONOO - + ROH + H20

(Rl.58)

where R = 2-ethoxyethyl, 2-methoxyethyl or isoamyl nitrite

If hydrogen peroxide and alkyl nitrite are used in equimolar amounts, then the
peroxynitrite solution produced has nitrite, hydrogen peroxide, alkaline and 2ethoxyethanol (or 2-methoxyethanol) as contaminants in about the same
concentration as peroxynitrite.
Nitric oxide reacts with hydrogen peroxide in basic media (pH 12.5 - 13.5)
to also
produce peroxynitrite:

NO+ H202 - - - - - ONOO -

(Rl.59)

Yield is about 2 % of the starting concentration of hydrogen peroxide. The
mechanism of this reaction is not clear because nitric oxide is not a known
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nitrosating agent. It is most probable that oxygen is involved in the conversion
of NO to N2O3, to produce a good nitrosating agent:

2NO + 02--+ 2NO2

(Rl.60)

NO2 + NO --+ N2O3

(Rl.61)

N2O3 + H2O --+ 2HNO2 --+ NO+

(Rl.62)

The reaction of nitric oxide with solid potassium superoxide generates potassium
superoxide.

(Rl.63)

The potassium peroxynitrite formed is extracted into a mildly alkaline solution. This
synthesis may contain some peroxide formed from disproportionation of unreacted
potassium superoxide.
Reaction of nitric oxide with tetramethylammonium superoxide in liquid
ammonia produces analytically pure tetramethylammonium peroxynitrite. This
method uses the same principle as the reaction of solid NO and KO2 method above,
but the use of liquid ammonia and tetramethylammonium superoxide as starting
materials is very critical:

(Rl.64)
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Solid state peroxynitrite is obtained by fractional crystallization from liquid ammonia.
This dry sample is stable over many months if stored under nitrogen.
Radiation of solid potassium nitrate with 254 nm UV light causes accumulation
of peroxynitrite to a steady state level of about 30 µmol/g of potassium nitrite.
Overall yield is ~0.3 %.

(Rl.65)

Contaminants in this method of preparing peroxynitrite are nitrite and nitrate.

Synthesis in situ

In the in situ synthesis of peroxynitrite (the last two methods in Table 111),
source of nitric oxide is spermine NONOate, a nitric oxide releasing system:

Spennine NONOate - NO

(Rl.66)

A good source of superoxide radical anion includes the hypoxanthine, oxygen and
xanthine oxidase mixtures:

Hypoxanthine/02/xanthine oxidase - 02 · -

This superoxide radical can then be reacted with NO generated from biological
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activity to yield peroxynitrite:

NO.+ 02· -

-+

ONOO -

(Rl.67)

These methods allow the preparation of low steady state concentrations of
peroxynitrite even under physiologically-relevant conditions.
The method of choice for preparation of peroxynitrite in this study will be
the synthesis from nitrite and acidic hydrogen peroxide. Residue nitrite and
hydrogen peroxide, the two most troublesome contaminates, are less than
2 % of the peroxynitrite concentration. Nitrite contamination can be minimized

by making nitrite the limiting reagent. Hydrogen peroxide contamination can
then be removed by passing the peroxynitrite solution over manganese dioxide 169 •

1.6.4 Decomposition of peroxynitrite in aqueous solution
The chemistry of decomposition of PN in aqueous solution is very complex 170•171 •
In general, two pathways of PN decomposition have been proposed. The first
pathway suggests that the product of decomposition of PN at pH < 5 is nitrate.
Some studies have argued that PN is cleaved homolytically to generate hydroxyl
radical and NO 2 radical 171 •172 :

(Rl.68)
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Beckman et al' s suggestion that PN could undergo 0-0 bond homolysis to
generate hydroxyl radical (HO ') and nitrogen dioxide radical (N02 ') has been
skeptically received. Against this, Koppenol et al
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concluded from molecular

dynamic calculations that homolytic cleavage of PN is highly improbable. It
was later suggested that isomerization/rearrangement of PN to N0 3 - at low pH
conditions might involve the formation of an activated (''in cage") intermediate
(ONOOH*), which might account for the "hydroxyl radical-like" reactivity of
peroxynitrite 174•175 .

(Rl.69)

The second pathway indicates that PN decomposes at pH > 7 to nitrite and oxygen
at the expense of nitrate 142 • Mayer and colleagues 176 reported that at pH> 7 nitrite
and oxygen were produced in a pH dependent manner in a 2 : 1 stoichiometric ratio.
The yield of nitrite was found to level out at pH 9-10 to a value of 50-55 percent
relative to the initial amount of PN. This finding was confirmed by others 177"179 •
The 2 : 1 stoichiometric ratio of nitrite/oxygen was explained by a bimolecular
reaction of the peroxynitrite anion with peroxynitrite acid through the formation
of an adduct:

ONOO - + ONOOH - [ONOO-ONOOH] - - H+ + 2N02- + 02

(Rl.70)
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1.7 SOME BIOLOGICALLY IMPORTANT PEROXYNITRITE REACTIONS
1. 7.1 Peroxynitrite-CO2 reaction

Peroxynitrite is a nucleophile which reacts with electrophilic CO2 in physiological
milieu to form nitrosoperoxycarbonate (ONOOCO2"), reaction (Rl.71):

(Rl.71)

This reaction is very fast, and said to determine the fate of peroxynitrite in the
physiological system due to the high concentrations of CO2 (> 1 mM) in the human
plasma. Once formed, ONOOCO2· is unstable and can either spontaneously rearrange
to the nitrocarbonate anion which later hydrolyze to generate nitrate and bicarbonate
(reaction Rl.72):

ONOOCO2· - O2NOCO2·

(Rl.72)

O2NOCO2· + H2O-NO3· + HCO3· + H+

(Rl.73)

O2NOCO 2" can also decompose through homolysis of the 0-0 bond to yield 35 %
carbonate radical (CO3· ") and nitrogen dioxide radicals (NO2) and 65 % carbon
dioxide and nitrate anion 180"182 (Scheme 1.3). In this manner, CO2 helps to
decompose ONOO" in the physiological systems.
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Scheme 1.3: Mechanism of reaction of CO2 with ONOO-

1.7.2 Nitration reactions
Peroxynitrite is a good nitrating agent for phenolic compounds such as phenol,
tyrosine, and salicylate 183 . Peroxynitrite mediated the nitration of tyrosine at
pH 7.0 and 25 °C 184 . Ramezanian and his group found out that the nitration of
tyrosine is independent of the rate of decomposition of peroxynitrite and so
concluded that ·OH and ·NO 2 are responsible for nitration 183 .The formation of
bityrosine during nitration was concluded as a clear evidence of radical mechanism 172 •
The mechanism of tyrosine reaction with peroxynitrite was proposed to proceed as
follows 185 :

ONOOH

~

[OH" + NO2·]

[·OH+ "NO2] ~ NO3-+ H+

~

·oH + 'NO2

(Rl.74)
(Rl.75)
(Rl.76)
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Tyr · + 'NO2 ---. TyrNO2

(Rl.77)

Tyr + ·NO2 ---+ Tyr · + NO2· + Ir

(Rl.78)

Tyr . + Tyr.

(Rl.79)

---+

'NO2 + ·NO2

Tyr-Tyr

---+

NO2· + NO3-

(Rl.80)

The overall nitration mechanism can be summarized as a one electron oxidation
of the aromatic ring of tyrosine followed by the radical-radical reaction of tyr · and
·NO2 to form nitrotyrosine (tyrNO 2) 185 •186 •

1.7.3 Peroxynitrite-thiol reaction
Thiolate ions, being nucleophilic may be oxidized in the presence of peroxynitrite.
The oxidation ofthiols by peroxynitrite (ONOO") can occur through multiple
pathways whose mechanisms are, presently, poorly understood. It is known,
however, that ONOO" may directly oxidize thiols, in the basic medium through a
two-electron pathway, probably with the formation of sulfenic acid and formation
of disulfide (Figure 1.13, pathway a). The apparent second-order rate constants for
the reaction of thiols with ONOO" have been reported to range from 2.0 x 103 to
5.9 x 103 M" 1 s· 1143 •187 at pH 7.4 and 37 °c. These rate constants are three orders of
magnitude greater than the corresponding rate constant for the reaction of hydrogen
peroxide with sulfhydryls at similar pH 143•188 • At lower thiol/ONOOH ratio and acidic
pH, a one electron oxidation process occurs through the formation of·OH and ·NO2
yielding thiyl radicals 189•190 (Figure 1.13, pathway b). It is also note-worthy that
50

ONOO- reacts with thiols at acidic pH (pH= 0) to produce the corresponding
thionitrites 191 as an intermediate. Grossi et al, concluded that at very low pH
conditions, peroxynitrous acid undergoes decomposition to form NO+, which is
capable of nitrosating thiols 192 (Figure 1.13, pathway c). Disulfides are also formed
as the final products in a manner independent of the pH. They also claimed that, in
basic media (pH 10.5 - 13), thiols catalyze the decomposition of peroxynitrite, which
promotes oxidation ofthiols through sulfanyl radicals and finally to the disulfides 193 •

Figure 1.13: Pathways of thiol oxidation by peroxynitrite (a) two electron

pathway (b) one electron pathway and (c) pathway leading to formation of nitrosothiols.
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1.8 SUMMARY OF NO REACTIVITIES IN BIOLOGICAL SYSTEMS
Biosynthesis of NO is possible through the enzymatic oxidation of L-arginine to Lcitrulline194·195. Once NO is produced, it is facile to undergo vast reactions with products of
distinct life times and biological activities. NO, being a free radical, can lose an electron
and exists in the +3 oxidation state (NO+), while it could gain an electron and exists with an
overall negative (-) charge, in the +1 oxidation state (NO"). NO+ reacts with H202 to
produce ON00- 196, also NO- reacts with 0 2 to produce ON00- 197 . However, differences in
rate constants for association and dissociation of NO have great biological significance.
Some of the biologically significant reactions of NO have been discussed, and the array of
possible reactions of NO and products are schematically summarized in Figure 1.14.

RONO

M-NO
M-NO

ONOOONOO-

Figure 1.14: NO reactivity in the biological system
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Chapter 2
2. INSTRUMENTATION, MATERIALS AND METHODS
2.1 INTRODUCTION
The study of chemical reaction dynamics requires as much information as
possible about the progress of a reaction. This information includes all dynamical
variables within the reaction mixture: reactant depletion, intermediate(s) formation,
product formation, pH and temperature variations as well as change in ionic strength.
First and foremost, the stoichiometry of the reaction under study must be established.
Determination of reaction stoichiometry will identify and establish the optimum
conditions under which all the species involved can be studied. Rate data from
elementary steps are needed in elucidating complex reaction mechanisms. The rate is
determined by monitoring the concentrations or specific property of the reagents as a
function of time using an appropriate or adequate analytical technique. Analytical
techniques used in kinetic studies to make rate measurements include nuclear
magnetic resonance, electron paramagnetic resonance, ultraviolet and visible
spectroscopy, chemical trapping, and mass spectroscopy. Many of these techniques
however, are incapable of monitoring reactions that occur on fast time scales.
A valuable procedure for rapid kinetics studies is the stopped-flow technique.
This chapter gives an overview of the instrumentation, materials, as well as the
experimental methods and techniques that were used in quantifying the extent to which
selected thiols deactivated peroxynitrites, rates of the deactivation processes and
reaction products generated by peroxynitrite oxidation.
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2.2 INSTRUMENTATION
2.2.1 Conventional UVNis Spectrophotometry
Slow reactions with half-lives of several minutes or more were followed on a
Perkin Elmer Lambda 25S UVNis spectrophotometer with wavelength range from
190 nm to 1100 nm. The visible region uses a tungsten lamp and the UV wavelength
region uses deuterium lamp. The Perkin Elmer spectrophotometer is interfaced to a
Pentium IV computer and uses the UV WinLab Software for data collection and
analyses. Path length of cuvette is 1 cm and a constant temperature of 25 °C was
maintained during the duration of the measurements by using a thermostated
water bath.

2.2.2 Stopped-Flow Spectrophotometry
Fast reactions with a half-life of few seconds or less; require use of a stopped-flow
essemble for kinetics investigations. The use of stopped-flow techniques allows
reactions with time scales as short as milliseconds to be followed. Fast kinetics
studies in this work were carried out on a SF-61 DX2 double mixing spectrophotometer.
The schematic diagram of this instrument, which is shown in Figure 2.1 reveals all its
essential components. The stopped-flow spectrophotometer is essentially a hybrid
UVNis spectrophotometer, designed to follow fast signal changes, with a rapid
mixing accessory: the sample handling unit. Two or more reagents are held in the
drive syringes, these are rapidly driven into the mixing chamber causing them to mix
rapidly,
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initiating the reaction under study and displacing the aged solution as a new reaction
,

'

mixture is driven into the observation cell (Figure 2.2). The SF-61 DX2 Sample
Handling Unit (SHU), facilitates both the single mixing of two reagents, using only
one of the drives, or double mixing of three reactants by a push-push mode of
operation. The latter mode of operation enables transient species formed by mixing,
to be subsequently mixed with a third reactant after a delay period198 • The resulting
reaction is followed in the manner associated with classical stopped-flow techniques.
A stop syringe, used to set a driven volume, stops the fl9w. The stop syringe plunger's
travel is finally restrained by a rigid stop block which causes rapid deceleration of the
solutions and subsequently triggers the data acquisition system. This instrument enables
reactions on seconds timescales to be followed by optical changes using both
absorbance and fluorescence detection. The process of mixing in a stopped-flow
apparatus can be considered as occurring in two stages. The mixer takes in two liquids:
solution A and solution B, and partitions each into small volume elements, so that a
region of A is next to a region ofB. Mixing is completed by the diffusion of the solute
in A into the region of B, and vice versa. Part of this diffusion occurs in the liquid as it
flows from mixer to observation point, in the dead volume. The more efficient the
mixer, the finer is the subdivision into small volumes, and the more rapid the
subsequent diffusion. Diffusion is slower in more viscous solvents, and mixing is
slower. Chemical reaction can only occur after the second stage, when the reagents
of A and Bare in contact at the molecular level 198 . This is why reaction traces for
very fast reactions, at the limit of measurability, have a characteristic sigmoid shape.
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This is due to the fact that the reaction goes slowly over the millisecond time period
because the reagent concentrations have not reached the value for complete mixing.
A short dead time, as measured above, is not necessarily a good thing. The solution
at the observation point may be young, not because it was transported rapidly from the
mixer, but because it is still being mixed in the observation cell. Mixing sets an upper
limit for rate constant obtainable from this instrument. The apparatus is designed such
that the mixing time is less than the dead time, but not much less. When observed rate
constants in excess of 1000 s- 1 are measured, experimental values are significantly less
than what linear extrapolation predicts because mixing is incomplete on the time scale at
which reaction occurs. The extent of the effect depends on the nature of the reaction
and on solvent viscosity, and has to be studied for each particular system.
The SF-61AF spectrophotometer sample handling unit facilitates only single
mixing of two reagents. It uses proprietary software for data acquisition and analysis.
Any good data-collection program, such as the Hi-Tech IS 1.0, filters out the noise by
digital processing of the data. The virtue of such a procedure lies in "digitization error".
The voltage from the photometric circuitry is converted into a digital form suitable for
computer processing by a 12-bit analog-to-digital converter. A logarithmic time base is
incorporated into the Hi-Tech Scientific IS-1 program; this is particularly powerful in
recording complex multiple exponentials, especially where there is a limited quantity of
reagent available, since one can span milliseconds to minutes in only one or two runs.
With a logarithmic distribution of data points with respect to time, it is possible to
achieve good definition of fast phases, while also achieving good definition of
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endpoints for slower phases in a single run. The radiation source is a 12 V, 50 W quartz
tungsten halogen lamp. The instrument can also be operated with a 75 W super quiet
Xenon arc lamp or 1OOW short arc mercury lamp as the radiation sources. The
monochromator used is a Czerny-Turner type mounted on a rail. There are two
photomultipliers, a PM-60e (an end-on½ inch Hamamatsu R1463) and a PM-60s
(a side-on 1-1/8 inch Hamamatsu R928 HA). The passage oflight from the
monochromator to the photomultiplier is through a 600-micron pure silica optic
fiber. The optical cell is made from fused UV silica. It measures 10 mm x 1.5 mm

x 1.5 mm. The path length is 10 mm or 1.5 mm depending on the position of the optic
fiber. The diode array attachment is a compact multi-channel detector incorporating a
linear image sensor. The linear image sensor is a self-scanning photo diode array with
scanning circuit using N-channel transistors turned on by a positive gate voltage. In
conjunction with the "IBM-PC KINETASYST" software, the Rapid Scan diode array
provides a facility to collect and display a sequence of spectrally resolved data which
can be manipulated, analyzed and stored; furthermore cross-sections can be cut through
multiple traces to generate time-resolved kinetic traces.
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Figure 2-1: Schematic diagram showing all components of the SF61-AF stopped-flow

fluorimeter.
[Courtesy of Hi-Tech Scientific Operator's Manual]. 198
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Figure 2-2: Sample Handling Unit (SHU) flow circuit diagram for the double
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[Courtesy of Hi-Tech Scientific Operator's Manual] 198
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2.2.3

Electron Paramagnetic Resonance (EPR) Studies

EPR has matured into a powerful, versatile, nondestructive and non-intrusive
analytical method, yielding meaningful structural and dynamical information.
It is an ideal complementary technique for other methods in a wide range of studies

and application areas. Some important applications in chemistry, biology, engineering
and medicine include: 199
(i)

Kinetics of radical reactions

(ii)

Spin trapping

(iii)

Triplet states of molecules and biradicals

(iv)

Drug detection, metabolism, and toxicity

(v)

Antioxidants, radical scavengers

(vi)

Oxygen based radicals

(vii)

NO in biological systems and

(viii)

Carcinogenic reactions

(ix)

Polymerization reactions

(x)

Organo-metallic compounds

(xi)

Catalysis

(xii)

Petroleum research

It is known that a molecule or atom has discrete quantized states with corresponding

energies. The measurements and interpretations of energy differences (AE) between
atomic and molecular states are known as spectroscopy. These energy differences are
measured in relation to the absorption of electromagnetic radiation.
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~E=hu,

(2.1)

where h = plank's constant, u = frequency of the radiation

EPR spectroscopy studies energy differences that are predominantly due to
interaction of unpaired electrons in the sample with a magnetic field produced by
a magnet. This effect is called the Zeeman effect. From quantum mechanics, we
obtain the most basic equations of EPR:

(2.2)
and

.1.E = hv = g µB Bo

(2.3)

where g is the g-factor, which is a proportionality constant approximately equal
to 2 for most samples, but varies, depending on the electronic configuration of the
radical or ion. µ 8 is the Bohr magneton, which is the unit of electronic magnetic
moment and Bo is the magnetic field. The unpaired electron, which gives the EPR
spectrum, is very sensitive to its local surroundings. The nuclei of the atoms in a
molecule often have a magnetic moment, which produces a local magnetic field
at the electron. The interaction between the electron and the nuclei is called the

hyperfine splitting.
The simplest possible spectrometer has three essential components, a source of
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electromagnetic radiation, a sample and a detector. Electromagnetic radiation passes
through the sample, then the amount of radiation which passes through the sample is
measured and observed with a detector. For all the work that was done in this thesis,
EPR measurements were carried out on Bruker™ Biospin's e-scan spectrometer
designed to perform X-band EPR measurements. Figure 2.3 shows the general outline
of the instrument. The electromagnetic radiation source and the detector are located in a
box called the microwave bridge. The sample is placed in the microwave cavity in a
small box which helps to amplify weak signals from the sample. There is the magnet
whose function is to tune the electronic energy levels. Lastly, there is the console
which contains signal processing and controls electronics and a computer. The
computer is used for analyzing data as well as co-coordinating all the units for
acquiring a spectrum (Figure 2.3). The block diagram of the microwave bridge is
shown in Figure 2.4.

Microwave Bridge
Microwave Cavity

Console

computer

Magnet

Sample

Figure 2.3: General outline of an EPR spectrometer
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The instrument is interfaced to a computer with data acquisition and analysis
carried out with WIN-EPR 2.22 rev. 5 acquisition software. Short-lived free radical
intermediates of interests were detected by using spin trapping techniques200 •201 This
technique utilizes an addition reaction of a very reactive short-lived free radical with a
diamagnetic compound (spin trap) to produce a relatively long-lived free radical adduct
which can be studied by electron spin resonance. The radical traps of choice used
in this research work are 5, 5-dimethyl-1-pyrroline N-oxide (DMPO) and N-tertbutyl-alpha-phenylnitrone (PBN). The instrument comes with the following
spectrometer settings; Microwave power: 31.55 mW; Receiver Gain: 8.93 x 102 ;
Modulation frequency: 86.00 kHz; Modulation amplitude 1.99 G; Sweep time
2.62 sec; Time Constant: 5.120 ms; Sweep Width: 100 Gauss and centered about the
g = 2 resonance position.

Detecto
diode
Reference arm

Source

Circulator

Attenuator
Cavity

Figure 2.4: Block diagram of the microwave bridge.
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2.2.4 Mass Spectrometry
A mass spectrometer (MS) is an apparatus which produces a beam of ions from a
sample, sorts out the resulting mixtures of ions according to their mass-to-charge
ratio, then provides an output signal on a read out. MS has developed over the years
into a versatile analytical tool with wide applications ranging from geological to
clinical and pharmaceutical samples. MS enables molecular weight determinations
for large samples such as biomolecules, to within an accuracy of 0.01 % of the actual
molecular weight of the sample. This capability makes MS the most suitable
technique for detecting minor mass changes in large biomolecules. Thus covalent
modification of protein residues can be studied with ease. Generally, MS consists of
four functional elements: (1) the source where a beam ofions, representative of the
sample under study is generated; (2) the analyzer, where separation of ions is
effected; (3) the detector, where the resolved ions are detected and their intensities
are measured and (4) the vacuum system, which provides the environment for all
these process.

Sample
Sample _
introduction
gas
system

Ion
Source

Unresolved
accelerated
ion beam

Mass
analyzer

Resolved
focused ion
beam

Detector
recorder

Figure 2.5: The main feature of a mass spectrometer
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Specifically, the instrument used in sample analysis in this thesis, Micro TOF-Q is
equipped with electrospray ionization (ESI) and orthogonal acceleration time-of-flight
(TOF). Micro TOF-Q mass spectrometer provides exact mass measurements in an easy
to use bench top package. Its applications include easy formula determination of small
molecules, metabolic studies, analysis of complex mixtures, digests and in-depth
evaluation of intact proteins. It targets previously characterised compounds in
complex mixtures with a high specificity by defining both the molecular weight and
a diagnostic fragment of the molecule simultaneously. Components are highlighted in

Figure 2.6.

Figure 2.6: Schematic diagram of a Micro TOF Q spectrometer
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Figure 2.7: Generation of ions by (a) Electr:ospray Ionization (ESI) and Matrix
Assisted Laser Desorption Ionization (MALDI).
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Analyte ions were generated by positive-mode electrospray ionization (ESI)2°2•205
which is depicted in Figure 2.7(a). The sample is dissolved in apolar, volatile
solvent and pumped through a narrow, stainless steel capillary (75 - 150 µm i.d.)
at a flow rate of between 1 µL per min and 1 mL per min. A high voltage of 3
or 4 kV is applied to the tip of the capillary, which is situated within the ionisation
source of the mass spectrometer, and as a consequence of this strong electric field,
the sample emerging from the tip is dispersed into an aerosol of highly charged
droplets, a process that is aided by a co-axially introduced nebulising gas flowing
around the outside of the capillary (Figure 2. 7(b)). This gas, usually nitrogen,
helps to direct the spray emerging from capillary tip towards the mass spectrometer.

capillary, 3-4 kV

✓
droplet
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j

droplet
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~ I
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from the surface of
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Figure 2.8: Diminishing of the size of the charged droplets wit.p. solvent evaporation
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The charged droplets diminish in size by solvent evaporation, assisted by a warm
flow of nitrogen (known as the drying gas), which passes across the front of the
ionisation source. Eventually, charged sample ions, free from solvent, are released
from the droplets (Figure 2.8), some of which pass through a sampling cone or orifice
into an intermediate vacuum region, and from there through a small aperture into the
analyser of the mass spectrometer, which is held under high vacuum. The lens
voltages are optimised individually for each sample.

2.2.5 High Performance Liquid Chromatography (HPLC)
Liquid chromatography is a physical separation method in which the samples to be
separated are distributed between two phases: the liquid mobile phase and the
stationary phase. Sample separation is due to differences in distribution coefficients
of the individual analytes in the sample. The sample is injected through the injection
port into the mobile phase stream delivered by the high pressure pump and transported
through the column where separation occurs (Figure 2.9). The use of high pressure in
liquid chromatography gives this separation method its popular name, high
performance liquid chromatography (HPLC). For an efficient separation, important issues
such as particle size of stationary phase, column internal diameter, injection volume,
constant flow rates and quality solvent mixtures are very important. The specific particle
size, columns, injection volumes and flow rates used in this thesis are listed below.
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Figure 2.9: The basic liquid chromatography.

HPLC analysis was performed on a Shimadzu Prominence HPLC system controlled by a
web browser through a static IP address using the CBM-20A Prominence BUS
Communication Module (Columbia, MD). The system consisted of an LC-20AT
Prominence LC (Kyoto, Japan) containing four LC-600 pumps, a DGU-20A5
Prominence degasser (Kyoto, Japan) and an SIL-1 0AD VP auto-injector
(Columbia, MD). Detection was performed using an SPD-Ml 0A Diode Array
Detector (Columbia, MD) and an RF-l0A XL fluorescence detector (Columbia, MD).
HPLC grade solvents were filtered on 0.5 µm FHUP (organic) and 0.45 µm HATF
(aqueous) Millipore isopore membrane filters (Bedford, MA) before they could be
passed through the degasser. Injection volumes ranged from 10 µl to 100 µl and
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separations were carried out on a 5 µm particle size, 250 x 4.6 mm Supelco
Discovery (Bellefonte, PA) C18 column (reverse phase, 100 A pore size) at flow rates
ranging from 0.5 to 1 ml per min. For protein modification reactions, separations were
done using_ a 5 µm particle size, 250 x 4.6 mm Phenomenex Jupiter (Torrance, CA)
C18 protein column (reverse phase, 300 A pore size). Solvents used were acetonitrile,
methanol and water. 1 % trifluoroacetic acid (TFA), 1 % formic acid (FA) and other
buffered solvents were incorporated whenever the need arose and either isocratic or
gradient elutions were utilized. Data was acquired and analyzed using the EZ-Start 7.3
Chromatography Software for Windows (Columbia, MD).

2.2.6 Computer Simulations

A simulation can be referred to as a special type of mathematical model, which uses
mathematical symbols to represent the interactions of the systems components at different
points in time. We can also say that simulation models are dynamic models which involve
changes in the state of the system through time. Simulation models express the dynamic
relationships among variables, constants and parameters. When applied to the study of
numerical research, simulations can serve as a complementary technique for constructing
and understanding chemical research. Simulations use models which imitate and represent a
system by trying to imitate the behavior of a system in a step by step basis over time. Some
simulation models may be deterministic, stochastic or probabilistic206 • In a deterministic
model one assumes that the exact values of all parameters are known, while in stochastic
model exact values cannot be computed and are not known. Simulations are useful for2° 7
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(I) improving understanding of basic research principles and analytic techniques: (2)
investigating the effects of problems that arise in the implementation of research; and (3)
exploring the accuracy and utility of novel analytic techniques applied to problematic data
structures. In a simulation, the analyst first creates data according to a known model and
then examines how well the model can be detected through data analysis. An important
characteristic of simulation model is the level to which it can aggregate the real system. The
model can be a "micro" level model and deal with small units (variable) of the system or it
can be a "macro" level model and group the small units into the fairly large units.

2.2.6.1 Role of the computer in modeling
Digital electronic computers are the instruments of choice in computer simulations.
Computers rapidly process massive information, data and calculate answers to complex
mathematical problems. When the entire data crunching of a simulation is done on a
computer it is known as all-computer simulation or more popularly as computer
simulation. In computer simulation the computer program represents the system. The
experimenter runs this program by supplying values to the variables and parameters
in the equations and specifying the experimental controls. The experimenter can
re-run this experiment by modifying the controls, by assigning different values
to the variables and parameters or changing both the controls and values.
In this thesis Kintecus 208 was utilized. It is a simulation software package
developed by James C. Ianni. Kintecus is a compiler to model the reactions of
chemical, biological, nuclear and atmospheric processes using three input
spreadsheet files:· a reaction spreadsheet, a species description spreadsheet and a

71

parameter description spreadsheet. Kintecus uses both the deterministic and the
stochastic approaches. The most widely used approach is the deterministic model.
In this work, we have used deterministic models for simulating reaction mechanisms.
Reaction variables are entered into a model spreadsheet file and Kintecus is able to
search for these model files and creates species spreadsheet file with all the values
already entered and these file are loaded and scanned (run). Output files containing
the concentration profiles of all species that are being displayed are then saved.
Simulation time is set which could be days, hours, minutes, seconds and picoseconds.

Kintecus can fit any numerical value (rate constants, third body enchancements,
energy of activation, starting temperature etc) against an experimental or fabricated
dataset. One might wish to use fabricated data sets to optimize numerical values
such as initial concentrations of species to values which would minimize the
presence of some harmful intermediate species, maximize certain products reduce
and increase temperature and etc. Kintecus can fit the parameters at EXACTLY the
time the data was measured. Kintecus does not interpolate a function against data
and then fit the values against this interpolation. There is absolutely no need to
neither wipe out data and suggest interpolation methods nor specify timing meshes
against experimental data since Kintecus calculates values at exactly the times specified in
the experimental data file.
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2.3

MATERIALS

2.3.1 Analytical chemicals
The following analytical chemicals were used without further purification:
sodium nitrite, 99.5 %, Hydrogen peroxide solution 30 % w/w, D-Mannitol
sigmaUltra (Sigma Aldrich), sodium hydroxide, certified A.C.S., perchloric
acid 70-72 %, sodium perchlorate, disodium ethlenediammine tetraacetate,
certified A.C.S., sodium phosphate monobasic, certified A.C.S., glutathione
reduced, cystine, glutathione oxidized, sodium bicarbonate, certified A.C.S.,
L-Ascorbic acid, certified A.C.S., ( Fisher scientific), L-Cysteine, 99+ %
(Acros-organics), 5,5-Dimethyl-1-pyrroline-N-oxide, high purity (DMPO),
N-tert-butyl-alpha-phenylnitrone (PBN), (Alexis biochemicals).

2.3.2 Tests for adventitious metal ion catalysis
Reagent solutions were prepared with distilled deionized water (Nanopure)
from Barnstead Sybron Corporation water purification unit. Water sample
from this unit was analyzed using inductively coupled plasma mass spectrometry
(ICPMS). ICPMS analysis showed negligible concentrations of iron, copper, and
silver and approximately 1.5 ppb of cadmium and 0.43 ppb in lead as the highest
metal ion concentrations209 •

2.3.3

Oxidant

The major oxidant used in this study is peroxynitrite.
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2.3.4 Peroxynitrite synthesis
Peroxynitrite was synthesized in a quenched flow reactor purchased from
Cole-Parmer. Solutions of0.7 M HClO4, 0.7 M H202 and 0.6 M NaNO2 wete
pumped into T junction tygon tubing and mixed in a 1.6-mm-inside diameter by
10.0 cm tygon chemical tubing. The acid-catalyzed reaction of nitrous acid with
H202 to form yellow peroxynitrous acid was quenched by pumping 1.5 M NaOH
at the same rate into a second T junction at the end of the tygon tubing. Excess H 2O2
was removed by treatment of peroxynitrite solution with granular manganese dioxide.
Peroxynitrite was made fresh everyday, before use. Standardization of synthesized
peroxynitrite was made both spectrophotometically and iodometrically. Spectroscopic
determination was made using wavelength absorbance maximum of peroxynitrite at
302 nm, with a molar absorptivity coefficient of 1670 M" 1 cm· 1. In the case of
iodometric determinations, the oxidizing power of peroxynitrite was determined by
titration with excess acidified iodide. Released iodine was titrated against standard
thiosulfate solution. The end point of titration was enhanced by starch indicator spiked
with micromolar concentration of iodide ions as a preservative. Concentration of
peroxynitrite was then back calculated from moles of thiosulfate.

2.3.5 Thiols
All the thiol compounds used in this work were used without further purification.
The thiol based compounds used were chosen based on the following criteria after
solubility in water: (a) their structural similarity to endogenous thiols, (b) possible drug use
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and /or effects, (c) confirmed toxicity effects, (d) commercial availability from
vendors, (e) storage and stability and (f) kinetic lability. The thiols used are cysteine
(CYSH) and glutathione (GSH).

2.3.6 Ionic Strength
Sodium perchlorate was used to maintain an ionic strength of 0.5 M in all kinetic
experiments.

2.4 EXPERIMENTAL METHODS
2.4.1

Stoichiometric determination

Stoichiometric determinations of PN-GSH/CYSH reactions were performed in excess
oxidant (PN) concentrations. Varying amounts of PN in alkaline pH were first
incubated with constant concentration of the.reducing substrate. Then, excess
acidified iodide was added to the reaction solutions for quantification of iodine by
iodometric technique. Since the rate of formation of iodine is faster than the rate of
self-decomposition of PN, iodine was quantitatively formed as a function of excess
unreacted PN. The released iodine was titrated against standardized thiosulfate.
The end point of titration Was enhanced by starch indicator spiked with micromolar
concentration of iodide ions as a preservative. Concentration of peroxynitrite was
then back calculated from moles ofthiosulfate. A plot of the titer volume of
thiosulfate versus initial PN concentration was linear. Extrapok1ting this linear
plot to the PN concentration axis gives the exact amount of PN needed to
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completely consume the substrate with nothing left to participate in the iodometric
titration. This stoichiometry is shown in reaction R4.5 and R5.7. The
concentration of excess unreacted PN was also determined
spectrophotometrically by its absorbance at 302 run with molar absorptivity
coefficient of 1670 M- 1 cm- 1•

2.4.2

Reaction kinetics

Reactions where nitrosothiol was the major product were run at a constant ionic
strength of 0.5 M by adding the required amount of sodium perchlorate. Constant ionic
strength was maintained in the high acid concentrations (perchloric acid) used in
reaction mixtures. Other reaction mixtures were constituted in sodium phosphate buffer
without the use of sodium perchlorate. All reaction temperature was maintained at 25 ±
0.5°C using a Neslab RTE 101 thermostat bath. The kinetics ofreaction systems
studied, HNO2/H2O2, ONOO -/ ONOOH - CYSH and ONOO- / ONOOH - GSH,
were followed on a Hi-Tech Scientific Double-Mixing SF61-DX2 stopped-flow
spectrophotometer. Digitization and amplifying were done via an Omega Engineering
DAS-50/1 16-bit AID board interfaced to a Pentium IV computer. The progress of these
reaction systems was followed spectrophotometrically on the stopped flow at wavelength
of 302 and 544 nm.

76

2.4.3

Electron Paramagnetic Resonance (EPR)

EPR spectra were recorded at room temperature on a Bruker BioSpin's e-scan EPR
spectrometer designed to perform X-band EPR measurements. DMPO and PBN were
reconstituted in phosphate buffer pH and 7.4, treated with EDTA.

2.4.3.1 Peroxynitrite decomposition: Peroxynitrite was rapidly mixed with DMPO
and PBN in buffer pH 7.4 at room temperature and aspirated into VWR's calibrated
micro pipette. The pipette was then transferred into quartz EPR tube and the spectra
recorded.

2.4.3.2 Cysteine/glutathione oxidation by peroxynitrite: Experiments with
cysteine or glutathione were conducted as above by adding specific amounts of
thiols to buffer solution containing DMPO/PBN before the addition of peroxynitrite.

2.4.4

High Performance Liquid Chromatography (HPLC)

All samples were loaded onto the Discovery C 18 column. They were run isocratically
at 5% ACN/H 2O and all eluents were detected at a UV absorbance of 335 nm (for
selective scans) with the maximum spectral scan mode employed to detect all eluents.
A flow rate of 1 ml/min was maintained. All solutions for HPLC analysis were made
with Milli-Q Millipore purified water and filtered with the 0.45 µm pore-sized PVDP
Whatman Polypropylene filter devices (Whatman Inc, Florham Park, NJ) before
injection (10 µl) onto the column using the auto injector. To curb the interaction of the
protonated amines on the analytes with the silanol groups on the stationary phase
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(which was causing tailing of the peaks) the sodium salt of 1-octanesulfonic acid
(0.005 M) was incorporated into the aqueous mobile phase. This was sufficient to
neutralize the protonated amines and produce good resolution while eliminating
peak tailing.

2.4.5

Mass Spectrometry (MS)

Eluent of reaction mixture of acidified thiols and PN from HPLC system were
dissolved in 50/50 acetonitrile: water for mass spectral analysis. Analytes were
analyzed using positive-mode electrospray ionization (+ESI) at a capillary voltage
of 2.8 kV and a flow rate of 5 µI/min. The source block was maintained at 80 °C
and the nitrogen desolvation gas was maintained at 150 °C and a flow rate of
400 L/h. MS/MS data was generated via CID in argon at collision energy of 15 eV.

78

CHAPTER3
KINETICS OF PEROXYNITRITE FORMATION AND DECOMPOSITION IN
PERCHLORIC ACID AND SODIUM PHOSPHATE BUFFER SOLUTIONS

3.1 INTRODUCTION
Peroxynitrite; ONOO- (PN) may be produced in the physiological system at the
micromolar concentration range when in close contact with superoxide anion, if it
is also in the micromolar concentration range210 '21 1. The chemistry of PN has received
a lot of attention in the scientific community due to its complex reactivity and
cytotoxicity. PN is known to be both a nitrating and oxidizing compound, it is
harmful to biological tissue membranes, proteins and nucleic acids 212,213 . PN
reacts with acids to form peroxynitrous acid (ONOOH):

ONOO- + H+ ~ ONOOH

(R3.l)

ONOOH is very unstable and readily decomposes in aqueous solutions but ONOOis relatively stable in basic environments. This characteristic complex chemistry of
PN has elicited a lot of research which has also brought about a lot of controversy
among researchers in the chemistry of PN. It is believed by some workers that PN
decomposition pathway goes through a-non radical mechanism214 . Others believe
in the homolysis of the 0-0 in peroxynitrous acid (0=N-0-0H), with subsequent

formation of·NO2 and 'OH radicals 63 :
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ONOOH

~

'N02 + 'OH

(R 3.2)

The objective of this chapter is to (a) provide evidence showing the
decomposition products of PN as a function of pH (b) provide evidence of radical
formation in the decomposition of PN and (c) propose a plausible mechanism
for the formation and decomposition of PN.

3.2 PRODUCT DETERMINATION FOR PN FORMATION AND
DECOMPOSITION
3.2.1 Formation reaction
Formation of PN can be derived from reaction mixtures of nitrite (N02"), perchloric
acid (HC104), and hydrogen peroxide (H202). Nitrite, in the presence of HCl04,
rapidly forms nitrous acid, which rapidly reacts with hydrogen peroxide to produce
PN. No 2· was initially acidified with HCl04 and then reacted with H202 using the
single mixing mode of the SF-61 DX2 double mixing spectrophotometer and the
UV-vis spectrophotometer.
The stoichiometry of the formation reaction of PN was determined to be 1mole of
H202 : 1 mole HN02, as shown in reaction R 3.3:

(R3.3)

PN, once formed, is very unstable in acidic media with a half life of about 1 s
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(Figure 3.1) but relatively stable in basic media. Stabilization is thus achieved by
adding sodium hydroxide to the peroxynitrite product solution (see reaction R3.4):

ONOOH + OH- --+ H2O + ONOO-

(R3.4)

The product of reaction, PN, was characterized spectrophotometrically at its
wavelength of absorption of 302 nm (Figure 3.2).

Formation and decomposition of Peroxynitrite
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Figure 3.1: [HCI0 4 ) = 1.2 x 10·2 M, [H 2 0 2 ) = 2.0 x 10·1 M, [NaN0 2 ) = 1.3 x 10·3 M.
(ONOOH) = 1.2 x 10·3 Mat 1670 cm·1 M" 1
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UV-vis spectral of peroxynitrite at pH 12
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Figure 3.2: a) [ONOO") = 8.1x10"" M, b) (ONOO"] = 1.0 x 10·3 M molar absorptivity coeffient of 1670 cm· M.•

3.2.2 Decomposition reaction
Since PN is highly unstable in strongly acidic medium and spontaneously decomposes,
the products of decomposition as a function of pH were investigated using UV-vis
spectrophotometry. Our results show that at pH of 1.0, the major product of
decomposition is nitrate which absorbs at the same wavelength of 302 nm as PN.
Standard sodium nitrate from the chemical manufacturers was used as standard for
the determination of wavelength of absorption. At pH 7.0 there is a mixture of ONOOand ON OOH, and the product of decomposition was determined as nitrite and oxygen.
Nitrite has a wavength of 355 nm in the UV-vis region. At pH's 8.0 and 9.0 the major
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product of decomposition is nitrite at the expense of nitrate and oxygen (Figure 3.3).
The stoichiometry of decomposition reaction was determined to be:

pH 1.0:

(R3.5)

pH7.0:

(R3.6)

pH 8.0 and 9.0: 2ONOO- -

2NO2- + 02

(R3.7)

Products of decomposition of peroxynitrite in buffer pH 1.0,7.0,8.0
and 9.0 (1 hour after incubation)
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3.3 REACTION DYNAMICS
3.3.1 Formation of PN:

The formation traces of PN monitored at 302 nm exhibit a quick and instantaneous
absorbance at time t = 0 which quickly saturates and decays with time
(see Figure 3.1). The half-life of PN was found to be a function of the initial
concentrations of the reactants.

3.3.1.1 Effect of acid: Acid is strong catalytic in the formation of PN from H20 2 ,

and No 2•• Higher acid concentrations increase the rate of formation of PN. Acid is
not a reactant and so does not influence the maximum amount of PN formed only the
time taken to attain this maximum. This catalytic action is more noticeable at lower
acid concentrations (Figure 3.4), where there is an increase in PN formation with
increase in acid concentrations. Further increase in acid concentrations seems to
deliver a more complex acid dependence. At high enough acid concentrations
formation of PN saturates and further increase in acid concentrations show that
decomposition of PN occurs before its full quantitative formation. The
decomposition of PN can be delayed at lower acid concentrations and higher
concentrations of hydrogen peroxide and nitrite. The acid dependence plot shown

in Figure 3.5 is first order at low acid concentrations and seems to saturate at
high acid concentrations. This would suggest a simple one-term rate law at low
acid and a more complex rate law with respect to acid at higher concentrations.
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Acid variation in the formation of PN
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f) 2.5 x 10· M, g) 3.1 X 10· M.

3.3.1.2 Effect of nitrite: The effect of varying nitrite is shown in Figure 3.6.
Hydrogen peroxide concentrations are maintained at overwhelming excess over
nitrite concentrations. As the concentrations of nitrite are increased, the
absorbance of PN also increases. The lowest nitrite concentrations have the
highest rates of decay, while the highest nitrite concentrations have the slowest
decay rate, and thus, rate of ~ecay can be said to be concentration dependent.
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PN produced with excess hydrogen peroxide generates nitrite - free peroxynitrite.

Initial rate plot for acid variation in the forrration of PN
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Nitrite variation in formation of PN.
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Figure 3.6: Fixed: [H2O2] = 3.0 x 10· M, [HCIO4] = 1.3 x 10·2 M, I NaCI04 = 0.5 M.
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The initial rate plot for nitrite variation shows that the rate of formation of PN with
respect to nitrite concentrations is first order. This is shown in Figure 3.7.

Initial rate plot for nitrite variation in formation of PN.
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3.3.1.3 Effect of hydrogen peroxide: Under conditions in which hydrogen peroxide
ratio to nitrite ratio is less than 1: 1, an increase in hydrogen peroxide concentration
increases the absorbance of PN produced at 302 nm with the rate of decomposition
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of PN inversely proportional to absorbance of PN. Continual increase of hydrogen
peroxide concentration past the initial nitrite concentrations results in saturation as seen
in Figure 3.8.

Hydrogen peroxide variation in formation of PN
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Figure 3.8 :Fixed: [No2-]

=3.5 X10-

4

M, [HCIOJ

=1.3 X10-

2

M, I NaCI04

=0.5 M

[Hz02] = a) 1.5 x 10-4 M, b) 2.0 x 10-4 M, c) 2.5 x 10-4 M, d) 3.0 x 10-4 M, e) 3.5 x 10-4 M, f) 4.0 x 10-4 M.
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The initial rate plot for hydrogen peroxide dependence at lower concentrations of
hydrogen peroxide before saturation sets in shows that the rate of formation of PN
with respect to hydrogen peroxide concentrations is first order. This is shown in
Figure 3.9.

Initial rate plot for hydrogen peroxide variation in formation of PN
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Figure 3.9 :Fixed: [No2·] = 3.5 x 10 M, [HC104 ]
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=1.3 x 10-2 M, I Nac,04 =0.5 M

= a) 1.5 x 10·4 M, b) 2.0 x 10--4 M, c) 2.5 x 1 o--4

M, d) 3.0 x 1 o--4 M, e) 3.5 x 10·4 M, f) 4.0 x 1 o--4 M.
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3.3.2 Decomposition of PN:

PN decomposition was followed using its wavelength of maximum absorbance at
302 nm. Decomposition is catalysed in the presence of protons. This was effected at
different pH conditions using sodium phosphate buffer. The pH of each solution was
determined after decomposition reactions by taking pH measurements of the waste
from the stopped flow instrument. All reactions were run in phosphate buffer of
strength 0.15 M.

3.3.2.1 Effect pH: For the effect of pH on PN decomposition, PN concentrations

were kept constant while buffer solution pHs at the same concentrations were varied
(Figure 3.10). A monotonous decrease in absorbance was observed with rate of

decrease in absorbance at low pH being faster than rate of decrease at high pH.
The decrease in absorbance at 302 nm was used to determine initial rate. The
initial rate plot against pH was linear for pH 6.5-8.0 which implies that the
decomposition of PN as a function of pH in this range is first order. The same
plot for pH 3.0-5.5, however, deviated from linearity (Figure 3.11). The rate
constants of decomposition of PN in the absence of a substrate at pH 3.0-8.0
are shown in Figure 3.12.
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Effect of pH on PN decomposition (buffer pH 3-8 at 0.15 M)
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Figure 3.10: Fixed [PN] = 4.6 x 10·4 M, [EDTA] = 1.0 x 10·4 M,

[Phosphate buffer 0.15 M] = a) pH 3.0, b) pH 4.0, c) pH 5.0, d) pH 6.0, e) pH 6.5, f) pH 7.0, g) pH 7.4. h) pH 8.0
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Initial rate plot for decomposition of PN in phoshate buffer pH 3-8
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Figure 3.11: Fixed [PN]

=4.6 x 104 M, [EDTA] =1.0 x 104 M,

[Phosphate buffer 0.15 M] = a) pH 3.0, b) pH 4.0, c) pH 5.0, d) pH 6.0, e) pH 6.5, f) pH 7.0, g) pH 7.4, h) pH 8.0
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Rate constants for effect of pH on PN decomposition (buffer pH 3-8 at 0.15 M)
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Figure 3.12: Fixed: [PN] =4.6x 104 M, [EDTA] =1.0 x 104 M,
[Phoshate buffer 0.15 M] = a) pH 3, b) pH 4, c) pH 5, d) pH 6, e) pH 6.5, f) pH 7, g) pH 7.4, h) 8

3.3.2.2 Effect HC03-: Carbon dioxide is found in significant concentrations
(14.7-25 mM) in physiological tissues in equilibrium with bicarbonate at pH of 7.4
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•

The study of the effect of HCO3- on PN decomposition is therefore very relevant.

Figure 3.13 shows the depletion of PN at 302 nm by HCO3- at pH 6.5. The rate of
depletion is directly proportional to concentration of HCO3-. The initial rate plot (see

Figure 3.13 insert) for effect ofHCO3- on PN depletion was determined to be
first order.
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Effect ofHC03• on PN decomposition done varying HC03• at pH 6.5
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The effect of pH on HCO3·reaction with PN was investigated by altering the pH of the
buffer solution to 7.4 while HCO3. concentrations were varied with a fixed
concentration of PN (Figure 3.14). The rate of decomposition of PN in the
presence of HCO3. at pH 6.5 was faster than the rate of decomposition at pH 7.4.
The initial rate of decomposition at pH 7.4 was also determined to be first order

(Figure 3.14 insert).

3.4 EPR STUDIES
3.4.1 Radical formation in decomposition of PN: 5, 5-dimethyl-1-pyrroline
N-oxide (DMPO) was used for-trapping short lived radicals in reaction media
by formation of an adduct with the short lived radicals. These adducts are
paramagnetic and so generate EPR signals. DMPO was dissolved in 0.15 M
sodium phosphate buffer at pH 7.4, ,he DMPO solution was then mixed with
diluted alkaline stock solution of PN. The solution was allowed to incubate for
about 1 minute and then scans were obtained. At pH 7.4 PN decomposes with the
decomposition products of PN forming adducts with DMPO. Fenton's reaction,
reaction R3.8, was used as .control experiment for generation of hydroxyl radicals

(Figure 3.15 (a)):

(R3.8)

Trace (a) generated 1:2:2:1 quartet with splitting ofaN=aH =14.9 G

216
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characteristic of DMPO-OH radical adduct. Trace (b) indicates that DMPO
dissolved in buffer pH 7.4 does not generate any radicals. Trace (c) also shows the
1:2:2: 1 quartet with splitting of aN = aH = 14.9 G, but radical adduct yields were low.
Increase in PN concentration in trace (d) resulted in stronger signal generation. The
comparison of traces obtained in Figure 3.15 c and d to the control indicates that
radical adduct detected during the decomposition of peroxynitrite in the presence of
DMPO was DMPO-hydroxyl radical adduct. Furthermore, spin trap studies were done
with Mannitol, which is a well known hydroxyl radical scavenger. Identical
experimental conditions were used as in decomposition of PN. The yield of DMPO
hydroxyl radical adduct was greatly reduced with the subsequent EPR signal being
very faint (Figure 3.15 e). This is indicative of scavenging of hydroxyl radicals
produced by PN in the process of decomposition at pH 7.4.
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a) Fenton's reaction: [H2 O2] = 0.2 mM, [FeSO 4 ] = 0.05 mM, [DMPO] = 80 mM

b) DMPO trace at pH 7.4: [DMPO]

= 80 mM, [PN] =

c) PN decomposition at pH 7.4: [DMPO]

0 µM peroxynitrite

= 80 mM, [PN] =

10 µM peroxynitrite

d)PN decomposition at pH 7.4: [DMPO] = 80 mM, [PN] = 20 µM peroxynitrite

e) Effect ofMannitol on PN decomposition at pH 7.4: [DMPO] = 80 mM, [PN] = 20 µM,
[Mannitol] = 0.25 mM
3436-3536 G

Figure 3.15: EPR spectra ofDMPO radical adducts obtained during peroxynitrite (PN)
decomposition. Spectra where obtained after about I minute incubation period at room
temperature with 80 mM DMPO dissolved in 0.15 M phosphate buffer at pH 7.4 with 0.1
mM EDTA a) Fenton' s reaction for generation of ·OH radical, b) 0 µM PN , c) IO µM PN,
d) 20 µM PN, e) 20 µM PN + 0.25 mM Mannitol.
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Formation ofDMPO-OH adduct from PN decomposition is metal ion independent
since all EPR experiments in Figure 3.15 were performed with EDTA in the
reaction mixture. Based on the results from Figure 3.15, products of the
decomposition of PN at pH 7.4 may be deduced to be216 :

O=N0-0- + H+

¢

O=NO-OH -

·N02 + HO"

(R3.9)

3.5 Mechanism of formation of PN
The reaction dynamics suggest only four reactions as being relevant in the
production of PN. They involve the protonation of nitrite to produce nitrous acid
followed by the production of the nitrosyl ion217 and the reaction of both nitrous
acid and nitrosyl cation with hydrogen peroxide:

H+ + N02·

HN02

¢

HN02 + H+

¢

~=O + H20

(R3.10)
(R3.1 l)

H202 + HN02 - ONOOH + H20

(R3.12)

H202 + ~=O :.= ONOOH + H+

(R3.13)
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The rate of reaction, based on the formation of ONOOH, is given by:

(1)

At the beginning of the reaction, before accumulation of ON OOH (at time t = 0),
the last term in eq 1 can be ignored. All the nitrogen (Ill) species in the reaction
solution are bound by the following mass balance equation:

(2)

The total N (III) species in this case would be the nitrite added to the reaction
mixture. Since we expect the nitrosyl ion to be a transient reactive intermediate,
its concentration can be assumed to be negligible. For inJtial rate measurements,
concentration of product ONOOH can also be ignored. We can apply a steady-state
approximation on the nitrosyl ion to simplify eq I into measurable concentrations.

(3)

(4)
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By using the dissociation constant of nitrous acid:

(3.14)

and the mass balance balance eq 2, the initial rate law can now be rewritten as the
following complex function of acid concentrations:

d[ONOOH]
rate=

dt

[H202][N(lll)h[I-r]
Ka+ [Ir]
(5)

Equation 5 is supported by the kinetics data shown in Figures 3.4-9. Specifically, it
predicts first-order kinetics with respect to

H202 and nitrite. It also predicts first-order

kinetics in acid at low concentrations. When [H+]o is low the second term in (5)
becomes negligible and the reaction retains first-order kinetics on the basis of the
first term only. Rate law equation written in equation 5 is complex and can be made
simple if equilibrium constant for reaction R3. l 1 (K2) is known with certainty for these
experimental conditions. Since reactions R3 .12 and R3 .13 are the rate-determining steps,
an initial approximation would be that k..2 >> ki. This would simplify eq 5 to read:
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d[ONOOH]
rate=

:;::

[H2O2][N(lll)h[H+]
(6)

3.6 Conclusion

PN is formed in strongly acidic media by the reaction ofHNO2, NO+ with H 2O2
(Figure 3.1). PN formed in acidic medium can be regarded as an intermediate formed

before rearrangement or isomerisation into the final product, nitrate (NO 3"). The
formation of PN in highly acidic concentrations, as in the concentrations used in
Figure 3.4, 6 and 8, involve the nitrosation ofH2O2 (reaction R3.10-13). The formation

of PN in perchloric acid before decay with respect to HNO2, NO+ and H2O2 was
determined to be first order; acid is a catalyst which catalyzes the rate of formation
of PN. Rearrangement/isomerisation of PN has a half life of approximately 1 sec to
more stable NO3- which also absorbs at 302 nm. The life-time of isomerization is
directly dependent on concentration of initial reactants (Figure 3.6). The bimolecular
rate constant for the reaction of H2O2 and HNO2 at 25

°c was determined to 3.7 x

103 M" 1 s· 1• Decomposition of PN is highly pH-dependent. In neutral to slightly alkaline
pH, nitrite and oxygen are formed at the expense of nitrate in a 2:1 stoichiometric ratio.
Decomposition reactions showed first order dependence with respect to pH. The rate
constant of decomposition of PN in the absence of a substrate at pH 3.0 is 0.98 s· 1 and
0.10 s· 1 at pH 8.0 (see Figure 3.12). Bicarbonate rapidly forms a complex with PN
thereby increasing the rate of decomposition of PN. The rate of decomposition of PN
in the presence of bicarbonate has an inverse dependence on pH. Bimolecular rate
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constant for decomposition of PN at pH 6.5 in the presence of bicarbonate is 2.0 x10 4
M- 1 s- 1 and 1.0 x 104 M- 1 s- 1 at pH 7.4. Data generated from EPR studies seems to
indicate the generation of 'OH radical as a decomposition product of PN. From the
EPR data it may be plausible to say that homolysis of the 0-0 bond in
ONOOH/ONOO- at pH 7.4 leads to initial formation of 'NO2 and "OH radical pairs.
These radical species can then undergo bimolecular reactions with more ONooin solution to form nitrite and oxygen. This is shown in reaction (R3.14), while
formation of nitrite, at pH 7.4, as a product of decomposition is shown in Figure 3.3:

ONOOH

0 2 + 2N0 2• + H+

(R3.15)

In similar fashion, nitrite and oxygen are formed in strongly basic pH (pH 9-12)
conditions (Figure 3.3).

::::;;======~ 0 2 · - + NO

(R3.16)

In summary, decomposition reactions of PN produce products which are determined by the
pH of the reaction media, this is shown in Figure 3.16.
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Figure 3.16: Products of decomposition of PN as a function of pH.
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CHAPTER4
MECHANISTIC BASIS OF PEROXYNITRITE (PN) DEACTIVATION BY
GLUTATHIONE
4.1 INTRODUCTION

The oxidation chemistry by peroxynitrite is highly pH dependent. Thiols are some of
the most well known substrates that can be oxidized by PN in the physiological
environment. The oxidation of substrates by PN can occur through various pathways
which are at present poorly understood. There are generally two main pathways (i)
direct oxidations (ii) indirect oxidations. Direct oxidations usually occur through a two
electron transfer from oxidant to reductant with formation of sulfenic acid which is an
unstable intermediate. Sulfenic acid formed is rapidly reduced to the disulfides
corresponding to the initial thiol. PN may, in other pH conditions, decompose into
highly reactive species and the decomposition products then oxidizes the substrates.
This pathway of oxidation is known as the indirect pathway of PN oxidation. Oxidations
by the indirect pathway may occur through reaction of radicals with the substrate, in
other words, by one electron mechanisms (Figure 4.1). The final stable product of
oxidation for both the direct and indirect oxidation pathways is disulfide of the parent
thiol. Disulfide formation as the final stable product cannot distinguish between one or
two electron oxidation pathways. There may be different intermediates formed,
depending on the number of electrons transferred in the process of oxidation, which
is a function of the pH of the reaction medium. Many intermediates have been proposed
as the intermediates formed in the PN mediated one or two electron oxidation of thiols.
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Examples are sulfenic acids218 , sulfanyl radicals201 , thionitrites or nitrosothiols219 and
sulfenyl nitrites218 • Some articles have also proposed that at physiological pH
conditions, peroxynitrites oxidize thiols to give small amounts of S-nitrosothiols,
which can be effective NO donors in the physiological system. The mechanisms of
thiol oxidation and the exact pathway of oxidation remain unclear in spite of numerous
research works that have been done so far.
In this chapter, the oxidation mechanisms of glutathione by PN will be examined,
S-nitrosothiol formation of glutathione in the presence of PN will be studied and the
final product (s) of oxidation will be established.

RSH
two electron oxidation

R-S-OH

RSH

O=N-0-0H

RSSR

)

R-S-NO
RS"

one electron oxidation

Figure 4.1: Pathways ofthiol oxidation.
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4.2 Stoichiometry and product determination
The stoichiometry of the S-nitrosation reaction of glutathione (GSH) with PN in
acidic pH conditions was determined as:

Nitrite formation: ONOOH + 2GSH - GSSG + No2· + H+ + H20

(R4.1)

Nitrous acid formation: No 2· + H+ - HN02

(R4.2)

S-nitrosation formation: O=N-OH + GSH - GSNO + H20

(R4.3)

Disulfide radical formation: GSNO + GSH - GSSG + NO

(R4.4)

In high pH conditions the stoichiometry of oxidation reaction of PN with GSH was
determined as:

(R4.5)

Reaction R4.5 is a stepwise reaction that involved initially, the formation of a sulfenic
acid intermediate (reaction R4.6) followed by a dimerization/condensation reaction to
form the disulfide (see reaction R4.7).

Sulfenic acid intermediate formation: ONOo· + GSH - GSOH + N02·

(R4.6)

Disulfide formation: GSOH + GSH - GSSG + H20

(R4.7)

GSNO and GSSG formed in reactions (R 4.3 and 4.5) were characterized using
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mass spectrometry and HPLC methods (Figure 4.2). HNO 2 and NO 2" formed in
reactions (R 4.2 and 4.5) where characterized by the wavelength of absorption of
355 nm.

4.3 Reaction dynamics
The study of the oxidation of GSH by PN was split into the following three general
sections: (i) S-nitrosation reactions (ii) direct GSSG formation at 302 nm, and (iii)
EPR studies

4.3.1 S-nitrosation reactions: These reactions involve electrophilic addition of a
nitrosyl (NOl ion (formed in low pH conditions) from PN to the sulfur atom of
glutathione thiolate anion in a process called S-nitrosation. PN was made fresh every
day from the reaction of acidified hydrogen peroxide with nitrite. The single mixing
mode of the stopped flow was used such that PN at pH 12 was mixed with sodium
perchlorate and diluted with deionised water. This mixture was then transferred into a
feed stream of the stopped flow and the other feed stream contains the mixture of
GSH and perchloric acid. The injection of acid and PN into separate feed steams
precludes the possibility of PN decomposing before nitrosation starts. The progress
of the reaction was followed on the stopped flow at the wavelength of absorption of
glutathione nitrosothiol (GSNO). GSNO absorbs at two distinct wavelengths, one in the
near UV region (335 nm) and the other in the visible (544 nm). The absorbance in the
visible region does not have interference from the absorbance contributions from nitrite
at 355 nm and absorption of PN at 302 nm.
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Figure 4.2: Product determination of the nitrosation and direct disulfide formation
reactions ofGSH by PN, a) 0.98 mM standard GSH, b) 150 mM GSH + 50 mM PN
+ 12.5 mM H\ c) 8.0 mM GSH + 0.8 mM PN in buffer pH 7.4 d) 0.098 mM
standard GSSG. Spectra in (b) with m/z of 335 identifies GSNO and the appearance
of a single spectra with m/z of 613 .1 in spectra (c) which is the exact m/z of 613 .1 for
GSSG standard, identifies GSSG.
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Clearly from Figure 4.3, the best wavelength to follow the progress of this reaction
was at 544 run. Most of the reactions were run with PN as the limiting reagent.

Spectra of GSH, PN and the reaction of GSH, H+ and PN to form GSNO
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Figure 4.3: a) [GSH] = 1.0 x 10-3 M,b) [PN] = 2.9 x 10-4 M, c) GSH + HCIO4 + PN at 544 nm
Fore) [GSH] =2.5x 10-2 M, [HCIO.J =0.175 M, [PN] = 1.7x 10-3M.
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4.3.1.1 Acid dependence
Kinetics of formation of GSNO seems to have a complex dependence on acid.
Figure 4.4 shows the effect of adding acid at concentrations greater than those of

PN. This shows a catalytic effect on the formation of GSNO at 544 nm. As
concentrations of perchloric acid are increased so does the formation of GSNO
and its rate of formation. Further increase in acid concentrations, however does
not seem to increase formation of GSNO and saturation sets in. The continual
increase in acid concentration is seen to catalyze the decay of GSNO
(see Figure 4.4, traces e, f and g).

Acid variation in the formation of glutathione nitrosothiol
0.20
0.18
0.16

---E

0.14

v
v

0.12

C:

e

~ 0.10

C:

Ill

..c
0.08
L
0

ti)

..c 0.06
<(
0.04
0.02
0.00
0

2

4

6

10

8

Time (s)
Figure 4.4: Fixed: [PN]

=1.2 x 10"2 M, [GSH] =9.0 x 10·2 M, [EDTA] =1.0 x 10·4 M, I Nacl04 = 0.5 M.
1

1

[HCIOJ a)2.9 x 10·1 M, b)3.1 x 10·1 M, c)3.4 x 10·1 M, d)3.6 x 10·1 M, e)3.9 x 10·1 M, f)4.1 x 10· M, g)4.4 x 10· M.
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The initial rate plot of acid dependence shown in Figure 4.5 appears to be
discontinuous with the first five acid concentrations showing linearity as a
direct function of acid concentrations. It can be implied that at low acid
concentrations the rate of formation of GSNO is first order with respect to PN.
The plot, however, loses linearity at higher acid concentrations. This would
suggest a simple one term rate law at low acid and a more complex multiterm
rate law at higher acid concentrations.

Initial rate plot for acid variation in oxidation of GSH by PN
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Figure 4.5: Fixed: [PN] = 1.2 x 10"2 M, [GSH] = 9.0 x 10·2 M, [EDTA] = 1.0 x 10· M, I NaCI04 = 0.5 M.
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4.3.1.2 GSH dependence
The effect of varying GSH in the presence of constant concentrations of PN
and acid (HCl04) is shown in Figure 4.6. As concentrations of GSH are increased,
the rate of formation and the final concentration of GSNO also increase. Initial
rate plot (Figure 4. 7) with respect to GSH concentrations shows first order
dependence in GSH for as long as [GSH] 0 > [PN]o.

Glutathione variation in the formation of glutathione nitrosothiol (GSNO)
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Figure 4.6: Fixed [PN]

=9.0 x 10·

3
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[GSH] = a) 1.5 X 10·2 M, b) 3.0 X 10·2 M, c) 4.5 X 10·2 M, d) 6.0 X 10·2 M.
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Initial rate plot for the variation of GSH in the formation of GSNO
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4.3.1.3 PN dependence
Variation of PN to determine the effect of PN on the formation of GSNO shows
continuous increase in the amount and rate of GSNO formed as the concentration
of PN increases (Figure 4.8). The initial rate plot shown in Figure 4.9 shows that the
rate of formation of glutathione nitrosothiol (GSNO) with respect to PN concentrations
is first order.
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Peroxynitrite variation in the formation of glutathione nitrosothiol
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Figure 4.8: Fixed [GSH]

=9.0 X 10·2 M, [HCIO4) =3.8 x 10·1 M, [EDTA] =1.0 X 10·4 M, I Nacio4 =0.5 M.
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Initial rate plot for the variation of PN in the formation of GSNO by PN
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4.3.2 Direct GSSG formation at 302 nm

Direct GSSG formation implies the oxidation of GSH directly to GSSG in a
two-electron oxidation transfer from PN (ONOO") through the formation of an
unstable sulfenic acid (GSOH) as shown in reaction R4.7. Further reaction of GSOH
with excess GSH finally forms GSSG, reaction R4.7. The oxidation reaction was
monitored at 302 nm, which is the wavelength of absorption of PN. The consumption
of PN was monitored using the single mixing mode of the stopped flow
spectrophotometer. The choice of 302 nm for monitoring the progress ofreaction
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was ideal in that GSH does not absorb in the UV-vis region, and also that
GSSG does not absorbance at 302 run. Thus, the measured absorbance at 302 nm
is due solely to spectrophotometric activity of PN. PN was mixed with
ethylenediammine tetraacetic acid (EDTA), diluted with distilled water and
fed into one of the reaction vessels of the stopped flow instrument while the
second vessel contained GSH and sodium phosphate buffer at a specific pH.
This arrangement helped to prevent premature reaction of GSH with PN before
kinetic measurement by the stopped flow could commence. Reactions were
performed at 25

°c, and equal volumes of PN and GSH solutions were taken

each time for every acquisition on the stopped flow. Multiple acquisitions were
made to ensure reproducibility.

4.3.2.1 GSH dependence
The role of GSH in the oxidation of GSH by PN was examined by varying
concentrations of GSH and keeping the concentrations of PN constant. This. is
shown in Figure 4.10. Increasing GSH concentrations increases the rate of
consumption of PN by GSH with the highest GSH concentration having the
highest rate of PN consumption. Further increase in GSH concentration as seen
in traces e, f, g tends to saturates because all the PN have been consumed by
GSH. The initial rate plot for the consumption is shown in Figure 4.11, which
shows that the rate of depletion of PN is first order with respect to GSH.
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Oxidation of glutathione by peroxynitrite: Varying Glutathione
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Initial rate plot for the oxidation of glutathione by PN
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4.3.2.2 PN dependence
To determine the effect of PN on the oxidation of GSH, PN concentrations were
varied while the concentration of GSH was kept constant. Since absorbance is
directly proportional to concentration, higher PN concentrations have higher initial
absorbance readings and likewise low PN concentrations delivers lower PN
absorbances at 302 nm with constant excess GSH concentration over PN
(Figure 4.12). The lowest PN concentration has the lowest rate of depletion
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while the highest PN concentration has the highest rate of depletion of PN by
GSH. The initial rate of consumption is shown in Figure 4.13. The graph in
Figure 4.13 further shows that the rate of consumption of PN in the presence

of a fixed concentration of GSH follows a first order dependence with respect to
PN concentrations.
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Initial rate plot for the oxidation of GSH by PN, done varying PN
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4.3.2.3 Effect of pH on glutathione oxidation by PN
The depletion of PN at 302 run as a function of pH in the presence of glutathione is
shown in Figure 4.14. The graph shows that PN is quickly consumed in the
presence of constant concentration of GSH at different pH. The highest rate of
consumption of PN was observed at low pH conditions, while at high pH
conditions the rate of consumption of PN decreased. Initial rate plot for data in
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Figure 4.14 shows linear dependence in relation to pH 3.0-5.0, deviations from
linearity were observed for pH 5.5-8.5 (Figure 4.15). Bimolecular rate constants
for the oxidation of GSH at 25

°c in pH 3.0-8.0 are shown in Figure 4.16.
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Initial rate plot for the effect pH on glutathione oxidation by PN
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4.3.2.4 Effect of sodium bicarbonate (HC03) on glutathione oxidation by PN
HCO3" is naturally produced.by the gastric membrane in the stomach and helps in
regulating the acid-base balance in the physiological system220 • The mucus membrane
of the human stomach has 30 million glands which produce gastric juice containing
not only acids, but also bicarbonate221 . The flow of bicarbonate in the stomach
amounts from 400 µmol per hour (24.4 mg/h) for a basal output to 1,200 µmol
per hour (73 .2 mg/h) for a maximal output222 • At least half a gram of bicarbonate is
secreted daily in the human stomach. This rate of gastric bicarbonate secretion is
2-10 % of the maximum rate of acid secretion222 . In the stomach, bicarbonate
participates in a mucus-bicarbonate barrier regarded as the first line of the
protective and repair mechanisms220 . On neutralization by acid, carbon dioxide is
produced from bicarbonate:

(R4.8)

Since PN is produced in the physiological system and has been implicated in many
oxidative processes, the study of PN oxidation of thiols will be incomplete without
studying the effect of HCO3- on PN oxidations.

Figure 4.17 shows the effect of varying GSH in the oxidation of G~H at a
constant concentration of PN and HCO3-. PN is consumed at 302 run in the presence

of zero concentration HCO 3" as shown in trace (a), while trace (b) shows the effect of
added HCO 3- on the rate of consumption of PN by GSH. As concentrations of GSH
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are being increased with constant HCO3-; increased rate of consumption is observed at
constant PN and excess HCO 3- over PN. It seems there is competition between the

HCO 3- and GSH for PN since both HCO 3- and GSH are in excess concentration
over PN. The initial rate plot shown in Figure 4.18 shows that the rate of
consumption of PN with respect to GSH is a first order reaction.
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Initial rate plot for the effect of HC03• on GSH oxidation:Varying GSH
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4.4 EPR studies
The major aim of following the progress of oxidation of GSH by PN using EPR as a
tool is to elucidate the pathway of oxidation; if it involves formation of radicals.

4.4.1 Oxidation of glutathione by PN
Graphical data obtained in Figure 4.19 (shown later in the text) shows DMPO
radical adduct of the oxidation products of GSH at pH 7.4. Trace (a) was generated
from the standard Fenton's reaction which is a well known reaction for the generation
of hydroxyl radicals. This trace shows the 1:2:2: 1 quartet spectrum with splitting of
aN = aH = 14.9 0 216 characteristic of DMPO-OH radical adduct. Trace (b) is a mixture
of PN and DMPO without the addition ofGSH. At pH 7.4, PN is reasonably protonated
and decomposition of PN is expected to occur according to reaction sequence R4.9 - 10:

ONOO- + H+
ONOOH

~

,.a:

ONOOH

(R4.9)

'OH + NO2

Trace (b) also generated 1:2:2:1 quartet with splitting of aN=aH =14.9 G

(R4.10)

216

characteristic of DMPO-OH radical adduct, but radical adduct yields were low.
Increase in PN concentration in trace (c) resulted in loss of signal. Trace (d) and (e)
contained added concentrations of GSH, increase in added concentrations of GSH led
to stronger signal intensity with a 1:2:2:1 quartet with splitting of aN = 15.4 G; att =
16.2 0 216 which is characteristic ofDMPO-glutathionyi radical adduct. GSH by itself
in DMPO at pH 7.4 did not generate any EPR signal. Trace (f) shows the trace which
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consists of mannitol, a well known hydroxyl radical scavenger, added to reactants with
similar concentrations as in trace (b). The result shows an almost complete annihilation
of signal. This result is evidence of generation of hydroxyl radical (trace (b)) from the
decomposition products of PN, while trace (d) and (e) indicate the generation of
glutathionyl radical. The fading of signal intensity observed in trace (c) could be due to
direct reactions of PN with either DMPO, DMPO-OH adduct or both. Trace (f) shows
the scavenging ability of mannitol for hydroxyl radicals, hence the decrease in signal
intensity. To obtain unambiguous evidence for pathway of GSH oxidation by PN at
pH 7.4 another spin trap, N-tert-butyl-a-phenylnitrone (PBN), was employed. Trace
(a) in Figure 4.20 shows the standard Fenton's reaction with hyperfine splitting of
aN

= 15.46 G; aH = 0.21

G characteristics of PBN-OH radical adduct. Trace (b)

shows incubation of PN and PBN without the addition of GSH showing the typical
triple doublet characteristic of PBN-OH radical adduct with splitting of aN

= 15.46 G;

aH = 0.21 G. In trace (c), the same sample used in trace (b), was used except that the
length of incubation was prolonged to test for stability of signal generated, and it was
observed that up to a period of 30 minutes the signal intensity did not decay to any
noticeable extent. Trace (d) and (e) have added GSH, spectrum generated shows the
characteristic glutathionyl radical adduct with splitting of aN = 15.5 G; att = 0.31 G.

4.4.2 Effect of sodium bicarbonate on oxidation of glutathione by PN
The effect of HCO 3" on the oxidation of GSH by PN was mentioned in section

4.3.2.4, but the experimental tools (kinetics, using stopped flow spectrophotometer)
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used in this section were not able to differentiate between two-and one-electron
oxidation mechanisms. The hypothesis or reason for using EPR method in further
elucidation of the effect ofHC03" in oxidation of GSH by PN is that HC0 3./C02 is
likely to inhibit thiol oxidation via two electron mechanisms while stimulating thiol
oxidation through a one electron oxidation. To test this hypothesis, the effects of
HC03 "/CO2 and probable formation of free radicals during the oxidation of GSH by
PN was studied using EPR technique. Figure 4.21 shows EPR spectra ofDMPO
radical adducts obtained during oxidation of glutathione (GSH) by peroxynitrite (PN)
in the presence of sodium bicarbonate in sodium phosphate buffer at pH 7.4. This is
physiological pH and it was the pH of choice for couple ofreasons (i) mimic the
effect of HC03"/C0 2 in the physiological environment and (ii) relatively easily
furnish the release of H+ for easy conversion of HC03-to CO2 (reaction R4 9).
Trace (a) in Figure 4.21 shows the effect of reacting HC03" with excess DMPO at
pH 7.4. At this pH no signal was observed. Addition ofHC03- in the presence of
PN and DMPO gave a weak signal which is observed in trace (b). EPR signal
generated in trace (b) is due to adduct formed in the reaction of PN with
HC03"/C02:

(R4.ll)

This adduct is unstable and decomposes into co 3· · and 'N02/C02 and N03·:
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ONOOCO2-

--+

co3-. + NO2

(R4.12)

ONOOCO2--+ CO2+ NO3-

(R4.13)

The formation of CO3 - · radicals generates EPR spectra as observed in trace (b) of
Figure 4.21. EPR spectra of DMPO radical adduct of oxidation product (s) of GSH

with PN was observed in trace (c), this shows the characteristic glutathioyl radical
adduct, in trace (d) effect of added HCO3- was observed. It was seen that trace (d)
had a stronger characteristic glutathioyl radical adduct compared to trace (c)
although both had the same initial concentrations of PN, GSH and DMPO. This
observation can be explained by reactions R4.14-15. If the decomposition of PN
in the presence of sodium bicarbonate at pH 7.4 goes via the formation of
bicarbonate radicals as shown in reaction (R4.11-13), and the rate of formation of
ONOOCO 2- adduct is faster than the rate of oxidation of GSH by PN, then the
oxidation of GSH in the presence of HCO3- will be diverted to a one electron
oxidation by co3-· or by NO 2 • The proposed mechanism for the oxidation of
GSH by CO3-· is given as follows:

GSH + CO3-. ~GS'+ CO2+ H2O

(R4.14)

GS' + GS' -+ GSSG

(R4.15)
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a) Fenton's reaction, after 5 min incubation: [H2O2] = 0.2 mM, [FeSO4 ]
[DMPO] = 80 mM

=

0.05 mM,

b) Peroxynitrite decomposition, after 5 min incubation: [PN] = 20 µM, [GSH] =
0 mM, [DMPO] = 80 mM, pH 7.4

c) Peroxynitrite decomposition, after 5 min incubation: [PN] = 60 µM, [GSH] =
0 mM, [DMPO] = 80 mM, pH 7.4

d) GSH oxidation by PN, after 5 min incubation: [PN] = 0.8 mM, [GSH] =
4.5 mM, [DMPO] = 80 mM, pH 7.4

e) GSH oxidation by PN, after 5 min incubation: [PN]
3.0 mM, [DMPO] = 80 mM, pH 7.4

= 0.8 mM, [GSH] =

3436-3536 G
f) PN decomposition, after 5 min incubation: [PN] = 20 µM, [GSH] = 0 mM,
[DMPO] = 80 mM, [Mannitol] = 0.125 mM, pH 7.4

Figure 4.19: EPR radical adducts of DMPO with the oxidation products of GSH
obtained at room temperature.
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a) Fenton's reaction, after 5 min incubation: [H2O2] = 0.2 mM, [FeSO4] = 0.05 mM,
[PBN] = 50mM

b) PN decomposition, after 15 min incubation: [PN]
[PBN] = 50 mM, pH 7.4

=

1.5 mM, [GSH]

=

0 mM,

c) PN decomposition, after 30 min incubation: [PN] = 1.5 mM, [GSH] = 0 mM,
[PBN] = 50 mM, pH 7.4

d) GSH oxidation by PN, after 15 min incubation: [PN] = 1.5 mM, [GSH] = 15 mM,
[PBN] = 50 mM, pH 7.4

e) GSH oxidation by PN, after 15 min incubation: [PN] = 1.5 mM, [GSH] = 7.5 mM,
[PBN] = 50 mM, pH 7.4

3436-3536 G
Figure 4.20: EPR radical adducts of PBN with oxidation products GSH, spectra
obtained at room temperature.
132

a) Bicabonate radical adduct, after 5 minute incubation: [HCO3 ·] = 5 mM, [PN] =
0 µM, [GSH] = 0 mM, [DMPO] = 80 mM, pH 7.4

b) Peroxynitrite carbon dioxide radical adduct, after 5 minute incubation: [HCO3" ] =
5 mM, [PN] = 0.8 mM, [GSH] = 0 mM, [DMPO] = 80 mM, pH 7.4

c) Oxidation product GSH, after 5 minute incubation: [HCO3.] = 0 mM, [PN] =
0.8 mM, [GSH] = 3 mM, [DMPO] = 80 mM, pH 7.4

d) Effect bicarbonate on oxidation GSH, after 5 minute incubation: [HCO3.] =
5 mM, [PN] = 0.8 mM, [GSH] = 3 mM, [DMPO] = 80 mM, pH 7.4

3436-3536 G

Figure 4.21: EPR radical adducts of DMPO with HCO3·, PN and GSH, spectra
obtained at room temperature.
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4.5 Conclusion
PN mediates the oxidation of the thiol functional group of GSH. This process is
highly pH"dependent. This was confirmed from the multiple stoichiometries
exhibited in the reaction of PN with GSH yielding different products at different pH.
Oxidation process occurred through a one or two electrons transfer depending
on the pH conditions. Oxidation products are GSNO, GSSG, GSOH, NO2-, and
HNO2. In the reaction dynamics at high acidic conditions (2: 0.3 M) GSNO
was formed. The order of reaction with respect to acid, GSH and PN was first
order. The relevant reactions in the production of GSNO were deduced based
on the reaction dynamics as shown in section 4.3. They are listed as follows:

ONOOH + 2GSH .- GSSG + NO2- + H+ + H2O

R4.l

NO2- + H+ ~ HNO2

R4.2

HNO2 +H+ ~ ~=O + H2O

R4.16

HNO2 + GSH

~

GSNO + H2O

~=O + GSH ~ GSNO

+ H+

R4.17
R4.18

Reaction R 4.1 involves the rapid oxidation of thiol to the disulfide, with the
release of nitrite ion. Nitrite ion produced in reaction R 4.1 is converted to
nitrous acid in reaction R 4.2 Reaction R 4.2 is a rapid protolytic reaction whose
equilibrium direction is dependent on the Ka value of nitrous acid. Once nitrous
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acid is formed, reaction of nitrous acid with excess acid (that was used in reaction
kinetics study) generates nitrosyl ion (reaction R4 .16). Nitrosyl ion, being an
electrophile, is able to nitrosate GSH, forming GSNO (reaction 4.18). Low acid
concentrations will however, furnish nitrous acid, which reacts with GSH to form
GSNO and water, see reaction 4.17. In the direct GSSG formation at the wavelength
of absorption of PN (302 run), two reaction dynamics were examined, the GSH
dependence on the oxidation of GSH, and PN dependence on the oxidation of GSH.
Both of these dependence exhibited simple first order kinetics. The pathway of
oxidation was proposed to be a two-electron transfer from PN to the sulfur center
of GSH. Two-electron transfers will form GSOH which is known to be highly
unstable and will quickly react with another mole of GSH to form GSSG
(reaction R4.6-7) and water. The inability to form GSNO is due to the fact that at
high pH conditions, nitrite (pKa 3.1 )223 formed in reaction (R4.6), will not be
sufficiently protonated to generate nitrous acid, which is needed to generate
GSNO. The bimolecular rate constant for the overall second order formation of
GSSG was pH-dependent. The rate constants, as a function of pH, are shown in
Figure 4.16. The product of oxidation was confirmed to be GSSG (Figure 4.2).
At physiological pH of 7.4 EPR results shows the formation of a secondary
reagent derived from PN decomposition. It is very likely that this secondary
reagent is responsible for thiol oxidation in a one electron transfer mechanism,
which may go via formation of nitrogen dioxide and thiyl radical, thiyl radical
formed eventually forms stable disulfide of initial thiol (reaction 4.19-20):
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(R4.19)

(R4.20)

GS'+ GS' - GSSG

EPR results of the effect of HCO3" on GSH oxidation by PN shows that oxidation
of GSH by PN goes via a one electron pathway at pH 7.4. The produced radicals
from GSH oxidation by PN is GSSG" ·, GSSG"' in aerobic conditions forms GSSG.
The formation of glutathionyl radicals from the oxidation of GSH by PN is an
important deactivation process for reducing PN toxicity in physiological systems.
The plausible pathway(s) for the oxidation of GSH is shown in Figure 4.22.

GSH
GSOH ~ GSSG

ONVNOi
~-_,,.._ _c GSH

NO+

t

H20NO+
nH30+
HN02

H

"H,O

N02

. · o ~ ayGSSG

t

ONOOH

GS·
02 ~
'

Gs·

GS02 • ~
GS·

t

ON00-+2GSH

Figure 4.22: Pathways of GSH oxidation by peroxynitrite (a) two electron pathway (b) one
electron pathway and (c) pathway leading to formation of nitrosothiols.
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CHAPTERS
KINETICS AND MECHANISMS OF THE OXIDATION OF CYSTEINE BY
PEROXYNITRITE
5.1 INTRODUCTION
Cysteine (CYSH) is a non essential sulfur-containing amino acid with chemical
formula HO2CCH(NH2)CH2SH. It is non essential because the body can synthesize
it from methionine

224

. CYSH is one of the few amino acids that contain sulfur.

Other sulfur-containing amino acids are glutathione and homocysteine. The
presence of sulfur in cysteine allows it to participate in the forming and breaking
of S-S bonds, especially in the endoplasmic reticulum (ER)225 . Metabolites of
CYSH serve as precursors to amino acids taurine and glutathione. It is known that
CYSH strengthens the protective lining of the stomach and intestines, which may
help prevent damage caused by aspirin and other similar drugs

226

. Modulation of

lymphocyte functions and immune responses in humans is even said to be one of
CYSH's functions

227

. Other thiols, including CYSH, have being implicated as

228 229
antioxidants in human health · .
Antioxidants are species needed to counteract damaging effects of reactive agents,
such as oxygen species, which are generated in vivo and cause damage to DNA,
lipids, and proteins230·231 . It is known that PN is formed by the reaction of damaging
species like superoxide radical and nitric oxide in a near diffusion reaction rate

232

.

PN, being a very potent oxidizing species, oxidizes targets such as DNA, lipids,
proteins and thiols

233

. Possible ways of intercepting PN's toxicity in the
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physiological system could be to prevent its formation, either by inhibiting NO
production or by dismutating all superoxide radicals formed. This is not plausible;
because the rate constant for reaction of NO with superoxide is about 3-10 fold
higher than for reaction of superoxide with any of the three (super oxide dismutase)
SOD isoforms234 •235 • Not all reactions of NO in the physiological systems however
are deleterious. Efficient methods of intercepting PN's oxidative injury could be the
use of scavengers, which can effectively mop up excess PN and totally absorb PN's
oxidative power.
This is where CYSH, a thiol compound, comes in as an antioxidant. It is also
the major reason why we are studing the oxidative reactions of CYSH with PN.

OH

SH

L-cysteine
The aim of this chapter is to elucidate CYSH's deactivation capacity of PN radicals.
These radicals are known to mediate toxicity in physiological systems. The above aim
is hoped to be achived through the study of oxidation mechanisms of CYSH by PN.
While the oxidation of glutathione by PN has been studied in chapter 4, it is also
important to study the oxidation of CYSH by PN. Questions such as, how their
oxidation mechanisms might differ, what metabolites are formed in the oxidation
pathway, how comparable are their rates of oxidation and whether we can relate these
findings to thiols in general.
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5.2 Stoichiometry and product determination
The stoichiometry of the formation of cysteine nitrosothiol by PN in high acid
conditions was determined as:

Nitrite formation: ONOO- + 2CYSH - (CYS)2 + N02· + H20

(RS.I)

Nitrous acid formation: N02· + H+ - HN02

(R5.2)

S-nitrosation formation: O=N-OH + CYSH - CYSNO + H20

(R5.3)

Disulfide radical formation: CYSNO + CYSH .- (CYS) 2

(R5.4)

+ NO

In high pH conditions the stoichiometry of oxidation reaction of PN with CYSH
was determined as:

Sulfenic acid intermediate formation: ONOO- + CYSH --+- CYSOH + N02·

(R5.5)

Disulfide formation: CYSOH + CYSH - (CYS)2 + H20

(R5.6)

Overrall Stoichiometry: ONOO- + 2CYSH - (CYS)2 + N02· + H20

(R5.7)

Cysteine nitrosothiol (CYSNO) and disulfide ((CYS)2) formed in reactions
(R 5.3 and 5.7) were characterized using mass spectra and HPLC methods

(Figure 5.1). HN02 and No 2· formed in reactions (R5.2 and 5.7) where
characterized using their wavelength of absorption of 355 nm on the UV-vis
spectrophotometer
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CYSNO Experimental
A

llM

CYSSYC Experimental

B

.,,.

Figure 5.1: Product determination of the nitrosation reaction of CYSH by PN, a) 300 mM
CYSH + 100 mM PN + 12.5 mM H+, b) 8.0 mM CYSH + 0.8 mM PN in buffer pH 7.4.
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5.3 Reaction dynamics
The kinetics of the oxidation of cysteine (CYSH) by PN has been studied.
In acidic solutions S-nitrosothiol was found to be the majorintennediate which
eventually formed a disulfide as the final stable oxidation product. Further
oxidation reactions were undertaken at alkaline pH using sodium phosphate buffer
and the stable product was the disulfide of initial thiol compound, without the
formation of a nitrosothiol. To ascertain pathway of reaction dynamics, EPR
studies were also performed.
5.3.1 S-nitrosation reaction: The progress of the S-nitrosation reaction of CYSH
with PN was followed at 544 nm. This is the best wavelength to follow the progress
of this reaction without interference from absorption of PN, residual nitrite and CYSH
itself. The relevant spectra are shown in Figure 5.2.

5.3.1.1 Acid dependence
The amount of CYSNO formed is seen in Figure 5.3 and is directly dependent
on the concentration of acid, until all PN is completely consumed. Once all PN is
consumed, further increase in the acid concentration catalyzes the decomposition of
CYSNO, which is unstable in high acid concentrations. This effect is shown in
Figure 5.3, trace (f). The initial rate plot seen in Figure 5.4 seems to support the
fact that the rate of formation of CYSNO is directly dependent on acid concentrations
with a first order dependence.
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Spectra of cysteine,nitrite,peroxynitrite and reaction of peroxynitrite with cysteine
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Figure 5.2: a) [CYSH) = 5.0 x 10.:, M, b) [PN) = 2.9 x 10., M, c) CYSH + HCIO4 + PN at 544 nm
Fore) [CYSH) = 1.5 x 10·2 M, [HCIOJ = 0.175 M, [PN] = 1.7 x 10"3 M.
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Figure 5.3: Fixed: [PN] =5.8 x 10-3 M, [CYSH] = 1.0 x 10· M, [EDTA) = 1.0x 10-4 M, I NaCI04 =0.5 M
1
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1

[HCIO,i) =a) 1.0x 10· M. b) 2. Ox 10·1 M, c) 3.0x10· M, d)4.0x 10· M. e) 5.0x 10· M, I) 6.0x 10·1 M

142

Initial rate plot for acid variation in the formation of cysteine nitrosothiol
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=5.8 x 10-3 M, [CYSH] =1.0 x 10-1 M, [EDT A] =1.0 x 10·4 M, I Nacto4 = 0.5 M.

[HCIO4] = a) 1.0 X 10·1 M, b) 2.0

X

10·1 M, c) 3.0

X

10·1 M, d) 4.0

X

10·1 M, e) 5.0

X

10·1 M, f) 6.0

X

1
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5.3.1.2 CYSH dependence
Absorbance traces for variation of CYSH in its oxidation by PN are shown in
Figure 5.5. The dependence of formation of CYSNO on CYSH concentration is
simple. Rate of formation of CYSNO is faster at higher concentrations of CYSH
compared to rate at lower concentrations. Initial rate plot for the formation of
CYSNO in Figure 5.6 shows that the reaction is first order with respect to CYSH
concentrations.
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Cysteine variation in the formation of cysteine nitrosothiol
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Initial rate plot for cysteine variation in the formation of cysteine nitrosothiol
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5.3.1.3 PN dependence
Figure 5. 7 shows the effect of varying PN at constant concentrations of acid and
CYSH. Rate of formation of CYSNO is directly proportional to initial PN
concentration. Initial rate plot with respect to PN concentrations (Figure 5.8)
shows a linear plot. The reaction showed a first order dependence in PN over a
wide range of PN concentrations for as long as [CYSH]o, [H+]o > [PN]o.
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Peroxynitrite variation in the formation of cysteine nitrosothiol
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Initial rate plot for peroxynitrite variation in the formation of cysteine nitrosothiol
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5.3.2 Cystine (CYS)2 formation at 302 nm
Oxidation of CYSH by PN in sodium phosphate buffer generated (CYS)2
and nitrite without the formation of nitrosothiol. The progress of this reaction was
monitored at PN's absorption wavelength of 302 nm. At this wavelength the rate of
depletion of PN by CYSH was determined by following the reaction kinetics of CYSH

consumption and PN's depletion. From the traces generated, the order of the reaction
was then determined.
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5.3.2.1 CYSH dependence
The rate of consumption of PN by CYSH is very rapid as seen in Figure 5.9 with
reaction over in approximately 1 second. The rate of consumption increases with
increase in CYSH concentration until all [PN]o is consumed and absorbance of

PN levels off. The initial rate plot (Figure 5.10) signifies the order ofreaction
with respect CYSH to be first order.

Oxidation of cysteine by peroxynitrite: Varying cysteine
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Figure 5.9: Fixed: [PN]
[CYSH]

=4.2 x 10-4 M, [EDTA] =1.0 x 10-4 M, [Phosphate buffer pH 7.4] =1.5 x 10"1 M,

= a) 3.0 x 10-3 M, b) 4.0 x 10-3 M, c) 5.0 x 10-3 M, d) 6.0 x 10-3 M, e) 7.0 x 10-3 M, f) 8.0 x 10-3 M.
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Initial rate plot for oxidation of cysteine by peroxynitrite: Varying cysteine
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3

3

3

[CYSH] = a) 3.0 x 10-3 M, b) 4.0 x 10·3 M, c) 5.0 x 10· M, d) 6.0 x 10· M, e) 7.0 x 10· M, f) 8.0 x 10·3 M.

5.3.2.2 PN dependence
Figure 5.11 show that the rate of consumption of PN has a direct dependence on its
concentration. At excess concentrations of CYSH over PN concentrations, the reaction is
complete in about 0.2 seconds in phosphate buffer pH 5.0. A plot of initial rate of
consumption versus initial PN concentrations (Figure 5.12) shows simple first order
dependence.
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Variation of PN in oxidation of cysteine using phoshate buffer pH 5
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Initial rate plot for oxidation of cysteine done by variation of PN
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5.3.2.3 Effect of pH on oxidation of CYSH by PN
Cysteine oxidation is highly pH dependent. The effect of varying pH at constant
concentrations of CYSH and PN is shown in Figure 5.13. The rate of consumption
of PN by CYSH is inversely proportional to pH, with low pH having the highest rate.
The initial rate plot shows a nonlinear curve with respect to pH Figure 5.14.

Figure 5.15 shows the values of bimolecular rate constants of the oxidation of
CYSH by PN at different pH.
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Effect pH on cysteine oxidation by PN
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Initial rate plot for the effect pH on cysteine oxidation by PN
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Rate constants plot against pH for effect pH on cysteine oxidation by PN
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=

5.3.2.4 Effect HC03- on CYSH oxidation by PN

In the oxidation of CYSH by PN, the effect of Hco 3• was examined. Bicarbonate in
the presence of acidic protons is known to generate carbon dioxide. The aim of this
section is to ascertain the effect ofHCO3"/CO2 on the oxidation of CYSH by PN.
Figure 5.16 shows the data generated from the reaction of HCO3- with CYSH in the

presence of a constant concentration of PN. In the presence and absence ofHCO3·,
there seems to be little or no effect ofHCO3- on CYSH's oxidation by PN.
Subsequent variations with varying concentrations of CYSH and excess constant
concentration of HCO3· over PN shows rapid depletion of PN at 302 run. The
reaction is practically over in 0.5 seconds. Figure 5.17 shows the initial rate plot of
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data in Figure 5.16. This plot shows that there is very little effect ofreacting
HC03- with CYSH on the initial rate of oxidation of CYSH and that the initial
rate of oxidation of CYSH by PN in the presence ofHC03- is first order.

Effect of HCO3• on cysteine oxidation by PN: Varying cysteine
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Initial rate plot for effect of HCO3• on CYSH oxidation by PN: Varying CYSH

6,-----------------------~
5

•

'b
X

•

•

•

•

•

3

0+------,------,-----,------,c-----1
0

2

4

6

6

10

3

[CYSH] x 10- M
Figure 5.17: Fixed: [PN]

[CYSH]

= 4.2 x 10·4 M, [EDTA] = 1.0 x 10-1 M, [Phosphate buffer pH 7.4] = 1.5 x 10·1 M, [HCo,·1 = 1.5 x 10·3 M,

= a) 4.0 x 10"" M + 0 M Hco,·, b) 4.0 x

10·3 M, c) 5.0 x 10·3 M, d) 6.0 x 10·3 M, e) 7,0 x 10"" M, f) 8.0 x 10·3 M, g) 9.0 x 10·3 M

155

5.4 EPR study

EPR traces obtained from the oxidation of CYSH by PN are shown in Figure 5.18.
Traces were generated in a concentration dependent manner. Trace (a) has the lowest
CYSH concentration, while trace (c) has the highest concentration CYSH. Trace (c)
shows most clearly the 1:2:2:1 quartet with splitting of aN = 15.4 G; aH = 17.4 0 216
characteristic of cysteine radical adduct ofDMPO. PN concentration was the
limiting concentration, just like done in the kinetics experiments at pH 7.4, to mimick
pH of the physiological system.
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a) CYSH oxidation by PN, after 5 minutes incubation: [PN]
[CYSH] = 1.0 mM, [DMPO] = 80 mM, pH 7.4.

= 0.8 mM,

b) CYSH oxidation by PN, after 5 minutes incubation: [PN]
[CYSH] = 3.0 mM, [DMPO] = 80 mM, pH 7.4.

= 0.8 mM,

c) CYSH oxidation by PN, after 5 minutes incubation: [PN] = 0.8 mM,
[CYSH] = 4.5 mM, [DMPO] = 80 mM, pH 7.4.
.
3436-3536 G

Figure 5.18: EPR spectra ofDMPO radical adducts obtained during oxidation of
cysteine (CYSH) by peroxynitrite (PN). Spectra where obtained after about 5 minute
incubation period at room temperature with 80 mM DMPO dissolved in 0.15 M
phosphate buffer at pH 7.4, with 0.1 mM EDTA a) 1.0 mM CYSH + 0.8 mM PN,
b) 9.0 mM CYSH + 0.8 mM PN, c) 10 mM CYSH + 0.8 mM PN.
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5.5 Conclusion

In similarity to dynamics observed in the oxidation of GSH by PN, oxidation of
CYSH by PN is highly pH dependent. Cystine (CYS)2 , the disulfide of cysteine is
the final product of oxidation of CYSH by PN. Cysteine nitrosothiol (CYSNO) was
formed in strong acid conditions, as an intermediate before the formation of the cystine.
At higher pH conditions, disulfides are formed directly without the formation of
CYSNO. The reaction dynamics exhibit a first order dependence with respect to acid,
CYSH and PN. The bimolecular rate constants obtained at 25

°c in pH 3.0-8.0 are

shown in Figure 5.15. EPR results shows the formation of cysteine radical adduct at
pH 7.4, this suggest that the pathway of CYSH oxidation at this pH might proceed
via a one electron mechanism. In general, the oxidation mechanism of CYSH by PN is
similar, with some little differences. The rate of oxidation is faster in CYSH
compared to GSH. Bicarbonate does not seem to have much effect on the rate of
oxidation of CYSH at pH 7.4 as compared to GSH. The proposed pathway of
oxidation is shown in Figure 5.19:
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